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Abstract 
 
In most of the cases caused by natural emergencies like earthquakes, flooding or 
tsunamis the public supply with electricity, drinking water and waste water breaks 
down. The public transportation system and the road-and path network will also 
collapse in a defined area. 
Especially in less developed countries, in which the public infrastructure is not build 
up that good anyway, this leads to a high health risk for the affected people because 
the access to safe drinking water is even more limited. This leads to the point that 
people drink water from unsafe origins like ponds and rivers. 
The German federal forces invented the so called common dosage plan to treat 
water from any contaminated water source (no salt water) to a safe, physical 
harmless drinking water. The system is based on different water treatment steps, 
namely flocculation, chlorination and activated carbon filtration. It is a large scale 
technical process and needs electrical power to run the pumps, stirrers, valves and 
controls.  
A group of scientist has adopted this large scale process and developed it to a 
currentless and simple to operate process, which can be used after natural 
catastrophes by the affected people. The author of this work was part of a drinking 
water helping team after the terrible Tsunami 2005. The team operated the drinking 
water supply for about 1000 refugees in a special tent camp. These experiences in 
the field work in Sri Lanka 2005 lead to the present work 
During the field work in Sri Lanka the so called sloping hose process was used. This 
process is based on the CDP and uses high amounts and concentrations of the 
treatment chemicals. Especially by the use of the chlorine tablets based on the 
waterfree disinfectant sodiumdichoroisocyanurate there were negative experiences 
during the field tests. 
In summary this was: 
-  Rejection of the treated raw water by the affected people because of the high 
doses of water treatment the drinking water had a strong chemical smell and 
also a not common taste. This smell and taste was misinterpreted by the 
people because they thought the water could be toxic. 
-  Production of high concentration of Trihalomethanes and other water soluble 
organic halogenated compounds due to the tablet additives of the used 
chlorine tables  
-  The compounds sodium- and calciumhypochlorite belong to the dangerous 
goods due to the regulations of the international air transport association and 
therefore it is not possible to transport these compounds by air for a quick 
drinking water help action within the first three days after such a catastrophe. 
 
Therefore in this work, which was restricted to the investigation of stipulated German 
products due to the German emergency water legislation, namely the three 
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compounds sodiumhypochlorite (NaOCl), calciumhypochlorite (Ca(OCl)2) and 
sodiumdichloroicocyanurate (NaCl2(CNO)3) as waterfree compound or as dihydrate 
were compared as the only in Germany permitted disinfectants by measuring their 
efficiency during the chlorination of so called “worst case water”.  
This water quality was defined by the highest German Technical Drinking Water 
Authority (DVGW) as the effluent of a municipal waste water plant with at least 
300.000 inhabitants and is the worst water quality, which could be used for the 
drinking water supply as raw water in emergencies. 
 
All experiments were carried out as simple batch experiments. Additional a special 
chlorine-producing anodic oxidation device (diamond electrode) was tested.  
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„The failure of disinfection is 
the most often identified 
cause of disease outbreaks“ 
 
Barry Lloyd,  
May 1990, CEHE  
(Project-Report R 4459, p. 1) 
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1 Introduction 
1.1 Background 
 
In many parts of the world, the water supply of the population is not sufficient and not 
safe. This situation causes worldwide diseases and deaths. The so called disease 
burden, which is measured in deaths per 100.000 population, is essentially higher in 
Africa, Eastern countries and in South America than in Europe, North America and 
Canada (WHO, 2006). 
 
Nearly 24 % of the global disease burden and 23 % of all deaths can be attributed to 
unsafe drinking-water, poor sanitation and hygiene. Among children 0 – 14 years of 
age, the proportion of deaths attributed to these risk factors is 36 %. For children 
under 5 years of age the outbreak of Diarrhroea is 5-times greater than in the total 
population. This infection is the biggest killer of children under 5 years. Children in 
developing countries lose 8-times more their life than children in developed countries. 
In poor regions in developing countries this factor is 800 times higher (WHO, 2006). 
Black et al. (2003) showed, that diarrhea and pneumonia were the most frequent 
causes for childhood mortality.  
The newest statistics, concerning the health situation analysis in Africa is published 
from the WHO regional office for Africa (WHO, 2014). 
 
A key target of  the Millenium Development Goals (MDG-7) is therefore halving the 
proportion of people without sustainable access to safe drinking water and sanitation 
by 2015. Now, a few month before this key date it seems not to be possible, to reach 
this target, because even nearly 1.3 million deaths per year are to mourn due to 
unsafe water, inadequate sanitation and poor hygiene (Johnson, 2013). Even in 
Europe people have to struggle against “Health Crises”. Enderlein, 2012  reported, 
that from 1990 – 2010 in WHO European regions nearly 47 million inhabitants were 
affected by more than 700 events, from which alone drought affected 16 million 
people, floods 12 million people and storms 6 million people. Details to these 
disasters are summarized in table 1.1. 
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Table 1.1  Health crises affecting the WHO European Region (1990-2010)  
 (Enderlein; 2012) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Enderlein (2012) emphasized, that the global challenge is responsible for public 
health emergencies. The same conclusions were drawn by Vogt (2013). 
Susenburger (2013) mentioned, that the number of natural disasters was continually 
rising from 1980 – 2009. These events are divided in Figure 1.2 in climatic reasons 
(yellow), hydrologic events (blue), meteorologic influences (green) and geophysical 
origins (red). 
  
Health Crises affecting the WHO European 
Region (1990-2010) 
(excluding conflicts & "complex emergencies") 
Type of 
event 
Number of 
events 
Deaths Total affected Economic Damage 
(thousend of US$) 
Accident 719 19424 163117 13751707 
Drought 36 2 15875969 15488309 
Earthquake 107 22002 5702222 38649449 
Epidemic 59 676 216043 n/a 
Extreme 
temperature 159 61457 3452957 16865750 
Flood 422 4221 12437525 90666061 
Mass- 
movement 59 2298 199181 1594389 
Storm 315 1730 8861009 76582849 
Volcano 4 0 7000 19600 
Wildfire 11 345 1295267 10768811 
Total 1977 132155 46915023 264386925 
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Origin:  
       Climatic Hydrologic Metrologic Geophysical 
 
Figure 1.1 Global Number of natural disasters from 1980 till 2008  
(Susenburger, 2013) 
 
Many natural disasters in a lot of high industrialized and also developing countries 
have shown in the recent years, that the common local drinking water supply with 
wellwater or groundwater was broken down in the affected areas. 
Examples are the Tsunami in South-East-Asia in 2004 (NGO Direct Relief, 2015), the 
Hurricane Katrina in New Orleans in 2005 (Wikipedia, 2015) the great earthquake in 
China 2008 (Wikipedia, 2015), the flood in Myanmar 2008 (Hunt, 2012) the Typhoon 
Hayan on the Philippines in 2013 (Wikipedia, 2015) or the flood in Serbia and Bosnia 
2014 (BBC News, Europe, 2014).   
 
1.2 Objectives 
 
In such emergencies the first actions of many relief organisations are to disinfect the 
affected raw water sources.  
Llloyd (1990,1992, 2009) emphasized “that disinfection is an importand barrier to 
waterborne diseases". 
Clarke and Steele (2009) could show that the application of simple disinfection 
methods – for example the application of a mixture of a flocculant and a disinfectant 
reduces bacteria, viruses and cysts of cryptosporidium an giardia. 
 
The German legislation allows in emergency cases higher chlorine concentracions 
for disinfection than in normal situations. 
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Table 1.2 shows the kinds of allowed disinfectants, their Chemical – Abstracts –
number (CAS), the purpose of water treatment, the maximum dosage concentracion 
and the fact, if tablets with additives are permitted. 
 
Table 1.2 Permitted disinfectants in emergencies due to the German Legislation 
 (TrinkwV,2001) 
 
Compound CAS-Nr. Purpose of Application 
Max. Dosage 
Concentration 
Tablets 
allowed 
Sodiumdichloro-
isocyanurate 2893-78-9 Disinfection 
26 mg/L Cl2 
= 40 mg/L compound yes 
Sodiumdichloro-
isocyanarate 
Dihydrate 
51580-86-0 Disinfection 26 mg/L Cl2 
= 46,7 mg/L compound yes 
Sodium-
hypochlorite 7681-52-9 
Disinfection, 
Oxidation 
≤ 260 mg/L Cl2 
≤ 275 mg/L compound no 
Calcium-
hypochlorite 7776-54-3 
Disinfection, 
Oxidation 
≤ 260 mg/L Cl2 
≤ 264 mg/L compound no 
 
The objectives of this research are as follows: 
 
1. To scale up this infection methods concerning available emergency water 
treatment systems. 
2. To select, evaluate and improve an easily and safe to operate chlorination 
method for high microbial polluted water – so called "worst case waters" as 
effluent of a municipal waste water treatment plant. 
3. To use only the authorized disinfectants due to the German legislation (see 
Table 1.2) and to decide, if the permitted tablet additives have negative or 
positive effects on the water quality. 
4. To examine and develop possible and inexpensive dechlorination methods for 
waters with too high residual chlorine concentrations for use as drinking water. 
 
Own experiences with the German NGO International Water Aid Organization 
(IWAO), which distributed waterfree chlorine tablets with tablet additives (CAS–
Nr.2893 – 78 – 9) 2004 in Sri Lanka after the Tsunami (Maier et al., 2010) showed a 
lot of disadvantages of the used chlorine tablets. One disadvantage was the 
formation of Trihalomethanes and another, that these tablets count to the dangerous 
goods due to the "Regulations of the International Air Transport Association" (IATA).  
 
Therefore it was necessary, to give an answer to the question: 
Which is especially for NGOs under the points of view transportation, chemical 
behavior and formation of disinfection by-products, disinfection effectiveness, cost 
and availability the most favourable disinfectant?  
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1.3 Structure of the dissertation 
 
The structure of this dissertation consists of the following chapters: 
 
Chapter 1: Introduction 
 
Chapter 2: Literature Review 
 
Chapter 3: Chlorine Chemistry in Water Treatment Processes 
 
Chapter 4: Methods and Materials 
 
Chapter 5: Experiments 
 
Chapter 6: Results 
 
Chapter 7: Discussion 
 
Chapter 8: Conclusions 
 
Chapter 9: Summary  
 
Chapter 10: References 
 
Chapter 11: Appendix  
 
Chapter 2 comprises of a review of chlorine-based Household Water Treatment 
Systems (HWTS), including the basic knowledge of water chlorination, disinfection 
mechanisms, chlorine by-product formation and special reactions of chlorine with 
dissolved organic and inorganic water-soluble substances. 
 
Chapter 3 describes the basis of the chlorine chemistry in water treatment processes 
inclusive the dechlorination reactions and methods. A special  chapter summarizes 
the basic knowledge on water related bacteria ,viruses and protozoa as well as the 
disinfection mechanisms and kinetics. 
 
Chapter 4 describes the details of all analytical determinations and the experimental 
set up for all experiments with the three different disinfectants sodiumhypochlorite, 
calciumhypochlorite and sodiumdichloroisocyanurate-Dihydrate with "worst case 
water. Included is a brief description of the treatment process of the municipal  waste 
water  treatment plant of the city of Karlsruhe. Finally this chapter contains also the 
experiments with chlorine tablets of the German Army( with tablet additives ) and 
gives an overview on the anodic chlorine production with a diamond electrode The 
experiments with different carbon rich dechlorination materials as for example 
charcoal complete this chapter. 
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Chapter 5 explains all carried out experiments, whose results are plotted in chapter 6 
as kinetic graphs. 
 
These results are discussed in  
 
Chapter 7 The discussions concern the measured chemical and microbiological 
parameters, the pH–value, the electric conductivity and the chlorine concentration. 
Additional it is explained, why the expensive water quality parameters 
Trihalomethanes, AOX and DOC could not be determined in all experiments. 
 
Chapter 8 contains the implication of the findings for the practical application of 
chlorine in the emergency water treatment. 
A new graphic method allows in the future the determination of the initial chlorine 
consumption of each unknown water. 
This chapter also explains, why tablet additives in chlorine tablets should be avoided 
and that only the compound sodiumdichloroisocyanurate should be used by water 
relief organizations. 
 
Chapter 9 contains a short summary with all important results and recommendations.  
 
The chapters "references" and "appendix" finish this work. 
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2 Literature Review 
 
2.1 Summary 
 
Methods of the water treatment and water supply after emergencies, can be divided 
into two groups: “Household Water Treatment Systems” (HWTS) and “Currentless 
Camp Water Treatment Systems” (CWTS), which can produce drinking water after 
emergencies for a group up to 100 persons. The following chapter gives an overview 
over both systems. These terms and abbrevations have been published in 
Switzerland (EAWAG, 2008) and indicate simple water treatment methods, which 
can be used as mobile and mostly currentless methods in order to gain a safe 
drinking water in households of huts, tents or refugee camps. 
In order to recognize the superiority of the chlorination in comparision with other 
water treatment methods, which also eliminate bacteria and viruses, many 
chemicals, devices and mobile, currentless water treatment systems (HWTS and 
CWTS) are presented in this chapter. In a second part of this literature review the 
basic knowledge about waterworks-chlorination and dechlorination in relation to the 
inactivation of pathogenious bacteria, viruses and protozoa with consideration of the 
different disinfection mechanisms is described. 
2.2 Household Water Treatment Systems (HWTS) with and 
without Chlorine Application 
 
Before the review of the HWTS-disinfection methods with chlorine application a 
general view of the development of HWTS in the 21th century is given. 
 
2.2.1 Development of HWTS during emergency water supply in the 21th 
century 
 
A variety of HWTS that are widely used in different parts of the world have been 
reviewed in a clear WHO report (WHO, 2002). A number of physical and chemical 
HWTS have been also discussed by Thompson et al. (2003). Physical methods 
include boiling, heating (fuel and solar), settling, filtering and exposure to UV 
radiation in sunlight. Chemical methods include chemical disinfection with germicidal 
agents (chlorine, chlorine dioxide and iodine), coagulation-flocculation, adsorption 
and ion exchange. 
Fewtrell et al. (2005) reported a systematic review of 15 HWTS, that the most of 
these treatment methods are associated with a 35% reduction in diarrhoeal diseases. 
Clasen (2008, 2009) scaled up many HWTS and found, that household-based 
interventions were about twice as effective in preventing diarrhoeal disease (47%) 
than improved wells or boreholes (27%). 
  
8 
 
He also prepared the UNICEF-document “Promotion of household water treatment 
and safe storage in UNICEF wash programmes”, which was published by UNICEF’s 
Water, Environment and Sanitation Section in New York (UNICEF, 2008). 
This document is still widely used as field manual for RED CROSS / RED 
CRESCENT personnel for household water treatment and safe storage in 
emergencies and it describes common HWTS with many pictograms in a simple but 
very vivid way (RED CROSS, 2008). 
 
Lantagne et al. (2007) gave a review of a current implementation practice for HWTS 
in developing countries. Their report summarizes five of the most common options for 
household water treatment: chlorination, filtration, solar disinfection, combined 
filtration/chlorination and combined flocculation/chlorination. 
 
A very complete report about emergency water supply recently was given by Loo et 
al. (2012) witch reviewed 188 physical, chemical, thermal- and UV-light based 
treatment methods and membrane technologies.  
Most of these articles deal with filtration, membrane filtration and solar disinfection, 
activated carbon, chlorine, flocculation/coagulation, biological sand filtration, Ag-
compounds and UV-treatment.  
2.2.2 HWTS with chlorine application 
 
Loo et al. (2012) wrote that halogens such as chlorine are inexpensive, easily 
available in several forms and can be used to treat large volumes of water (Backer, 
2008) 
He also mentioned, that chlorine in the form of tablets such as 
sodiumdichloroisocyanurate (NaCl2(CNO)3) is widely used in emergencies and offers 
advantages such as better stability, safety, low capital investment, convenience due 
to its simple use, packaging, lightweight as compared to sodium hypochlorite solution 
(NaOCl) (Clasen and Edmondson, 2006, Lantagne et al., 2010). 
Due to Loo et al. (2012) the tablets also have longer shelf-life and lower 
transportation costs than the liquid form of chlorine (Berg, 2010). 
Clasen et al. (2007), Jain et al. (2010) and Mc Lennan et al. (2009) compared four 
types of point of use chemicals (POU’s) for emergency disinfection and found, that 
only the Sodiumdichloroisocyanurate tablets could provide sufficient residuals for 
safe storage. 
Chlorination using NaOCl was also found to be a useful strategy to improve the 
stored water quality during post disaster after the tsunami in Indonesia (Gupta et al., 
2007). 
 
Several scientists found, that the necessary chlorine dose for a total disinfection 
depends on factors such as temperature, turbidity, dissolved organic carbon (DOC) 
and the type of the bacteria/virus (Le Chevallier et al., 1981, Feachem et al., 1983, 
Abbaszadegan et al., 1997. But Lantage et al. (2010) showed also the disadvantages 
which are linked with the chlorine treatment. Chloroform levels between 80 and 90 
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µg/l were detected, when river water was subjected by chlorination by NaOCl-
solution and NaCl2(CNO)3-tablets.  
 
During the last 15 years a lot of chlorine products were put on the market. There are 
many chlorine producing chemicals capable of disinfecting water in form of chlorine 
tablets or liquid chlorine. 
The source of chlorine can be sodium hypochlorite (NaOCl) or calcium hypochlorite 
(Ca(OCl)2). 
As an example for liquid chlorine the product CLORIN is mentioned, which was first 
used in 1998 by the NGO Population Services International (PSI). The sodium 
hypochlorite solution is packaged in a bottle with directions instructing users to add 
one full bottle cap of the solution to 10 litres clear water or two caps to 10 litres turbid 
water. After agitating and waiting 30 minutes the so treated and prefiltrated river 
water can be drunk.  
 
The International Federation of Red Cross and Red Crescent Societies recommends 
the product WATERGUARD LIQUID, which is also known as SÛR’EAU (Add 1 cap to 
20 litres of water) and which contains also a dilute sodium hypochlorite solution. 
The WATERGUARD is also available as chlorine tablet. 
 
The chlorine tablets are formed from Sodiumdichloroisocyanurate (NaCl2(CNO)3 
 
 
 
Figure 2.1 Constitution of Sodiumdichloroisocyanurate (Maier, H., 2008) 
As tablet additives are permitted: benzoic acid, carbonate/hydrocarbonate buffer, 
aromatic waxes and tartaric acid 
 
Also the German emergency water program uses such tablets (Maier, 2002). At 
doses of max. 40 mg/L and a contact time of 30 minutes, free chlorine (about 26 
mg/L Cl2) inactivates more than 99.99% of enteric pathogens, the notable exceptions 
being Cryptosporidium and Giardia species.  
Arnold (2007) documented the impact of those disinfection tablets in reducing 
diarrhoeal disease. 
The AQUATABS® of the Canadian Global Hydration Water Treatment Systems Inc. 
contain as effective agent also sodiumdichloroisocyanurate. 
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Very often in the Continental European outdoor market the chlorine products of 
KATADYN are used for water treatment. MICROPUR FORTE products are available 
as tablets, powder or liquid, which disinfect the water by a combination of chlorine 
and silver ions. 
Very early, since the 1940’s, for the water purification after emergencies the 
POTABLE AQUA-IODINE® tablets have been used by the U.S. Army. Each tablet, 
which was developed by the Harvard University, contains the so called “bounded 
iodine” in form of 20 milligrams of Tetraglycine Hydroperiodide (TGHP), which 
liberates in 1 litre water 8 milligrams of titratable iodine. These tablets are available at 
the U.S. company WISCONSIN PHARMACAL. Another chemical based on free 
iodine treatment is available as PRISTINE PERSONAL PACKAGE (PPP). Two 30 ml 
droppers can purify up to 120 litres of contaminated water. 
WISCONSIN PHARMACAL produces also the ClO2-tablets POTABLE AQUA 
CHLORINE DIOXIDE WATER PURIFICATION TABLETS®. 
 
The product KLEARWATER® is a premixed chlorine dioxide powder. KLEARWATER 
is formulated in Sweden. 
In Canada another chlorine dioxide reagent is offered as CHLORINE DIOXIDE 
WATER PURIFIER® by the company Advanced Chemicals Ltd.. 
It should be mentioned, that chlorine also can be produced in situ from NaCl, which is 
added to the water, by electrolytic methods. The MIOX PURIFIER PEN® of the U.S. 
company CASCADE DESIGNS, INC. in Seattle, which was developed in conjunction 
with the U.S. military, needs only common camera batteries. 
 
In Geneva, Switzerland a similar device named WATALYS® is produced by the 
company BULANE. Unpublished investigations of Maier (2009] showed, that these 
anodic oxidation methods produce besides NaClO2 also NaClO3 and NaClO4. 
 
Schmidt (2012) found, that the amount of electrolytic produced ClO3- and ClO4- is 
nearly 75% respectively 30% of the produced chlorine Cl2 in mg/L. 
ClO2-, ClO3- and ClO4- are toxic substances. Due to Schmidt (2012) their 
concentration in German drinking water is limited as can be seen in Table 2.1 
 
Table 2.1 Limits for ClO2-, ClO3- and ClO4- in German drinking water  
 (TrinkwV, 2001) 
 
Compound Limit in µg/L 
Chlorite ClO2- 200 
Chlorate ClO3- 200 
Perchlorate ClO4- 5 
 
Watalys is a small portable device, which - by electrolysing chloride-ions containing 
water- enables the production of a chlorine-based disinfectant solution (NaOCl), 
which conforms to WHO standards. One device can treat up to 120 m³ water per day 
(Bulane, Geneva, 2011). Also the Austrian company ProAqua diamond electrodes 
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produces such anodic oxidation devices. One of these products was used in this 
work. 
 
2.2.3 Combined HWTS with chlorine application 
 
With rising interest the water treatment industry has focused on the use of two or 
more treatment technologies as a multiple barrier approach. For example the 
KATADYN DRINKING WATER BOTTLE with a volume of 1 litre or devices of the 
ULTRALIGHT SERIES contain iodinated resins for the disinfection, granular 
activated carbon for the adsorption of toxins and a membrane filter with a pore size of 
1 µm, for the removal of small particles and protozoae 
 
The SULIS-PERSONAL PURIFICATION DEVICE (PPD) of WATER SHEER-
PRODUCTS, Israel is a special top for plastic bottles, which fits to the most 
standard bottles. After addition of a chlorine tablet to the dirty water and a 
reaction time of 10 min, the so treated water is filtered through the top with a 
micro -activated carbon- filter system. The activated carbon reacts with the 
excess chlorine to chloride and enables in this manner the dechlorination of 
the chlorinated water. 
For larger volumes of contaminated water up to 100 litres WATER SHEER also 
produces the SOKOL 1TM System with the same technique of combined chlorination, 
membrane filtration and activated carbon cartridge filtration. 
 
The combined disinfection by iodine tablets with a filtration step is realized in the 
POTABLE AQUA TRAVELLER WATER PURIFICATION TECHNOLOGY of the U.S. 
company WISCONSIN PHARACAL. 
 
Sobsey (2008) tested the so called LIFE STRAW® of the company VESTERGAARD 
FRANDSEN, Switzerland and received a 6 log10-elimination for E.coli and a 2 log10-
elimination for viruses. The LIFE STRAW combines a 0.02 µ-membrane ultrafiltration 
with an activated carbon / silver treatment and a treatment with iodine resins after a 
27 µm-prefiltration. With the LIFE STRAW PERSONAL 700 litres of water can be 
purified with a flow of 10 L/h. The LIFE STRAW FAMILY can purify 18 m3 in total. 
 
Several systems incorporate a chemical coagulation step for particle removal by 
flocculation and a chlorination step for disinfection. 
In 2005 the PROCTER AND GAMBLE COMPANY, USA was awarded for the 
development of the PUR®-PURIFIER of water for use in disaster relief. The product 
consists of a sachet of chemicals to treat 10 litres of water. The principle of the PUR-
System is the dosage of a powder to 10 litres of water, which contains ingredients for 
the flocculation with ferrous sulphate Fe2(SO4)3 and disinfection with calcium 
hypochlorite (Ca(OCl)2). After the floc-sedimentation and filtration through a clean 
cotton cloth filter, clear drinking water can be used. 
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Souter et al. (2003) found, that PUR can reduce waterborne cysts by more than 
99.9%, viruses by more than 99.99% and bacteria by more than 99.99999%. Field 
studies have shown that such flocculation-disinfection products are effective in 
preventing diarrhoeal diseases (Reller (2002)). 
 
The South-African company CONTROL CHEMICAL (Pty. Ltd) developed a similar 
drinking water purification technology known as CHLOR-FLOC / WATERMAKERTM. 
The WATERMAKER is available as tablets to purify 1 litre of water, as powder 
sachets to purify 20 litres batches and as 300g powder containers to purify 1000 
litres batches. WATERMAKER removes sediments and disinfects dirty water by iron 
flocculation and calcium hypochlorite disinfection.  
 
 
Figure 2.2 WATERMAKER Sachet besides the PUR Sachet (Clarke, 2009) 
These two most common chemical sedimentation products are for example used by 
the International Federation of Red Cross and Red Crescent Society [RED CROSS 
2008]. 
 
2.3 Combined CWTS with chlorine application  
 
The principles of all mentioned HWTS witch are based on the application of 
halogene-based products alone or combined with flocculation-, absorption- or 
filtration-steps can also be used on a bigger scale in refugee camps for decentralized 
water supply. The experiences of water experts, who are responsible for the water 
supply in refugee camps after natural disasters, showed, that there are a lot of 
advantages, when the drinking water for all refugee people is made at a central place 
(Analytical control, distribution, training, advice etc.). 
In the first days after a catastrophe often no electric power or no fuel for generators is 
available. Therefore people need simple current less or solar powered Camp Water 
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Treatment Systems (CWTS), which can produce drinking water from surface water, 
rainwater and also in the worst case from waste water for at least 100 persons. 
This aim of many NGO’s to supply camp people as early as possible with safe 
drinking water – even when there are great problems to reach the camps or to get 
fuel – is very important in each emergency water philosophy. The earlier safe water 
is available in such a camp the higher is the chance to avoid the outbreak of 
waterborne diseases. Therefore the currentless Camp Water Treatment Systems are 
of rising interest in NGO’s and government authorities. 
Included in this observation are also devices, which can be provided by solar energy. 
 
2.3.1 Currentless Microfiltration 
 
An example of a currentless CWTS is the SKYHYDRANT Water Purification Unit 
which combines micro filtration with chlorine disinfection (Buttler, 2009). The filtration 
barrier is based on a micro-porous low pressure-membrane, which removes 
suspended solids, bacteria, protozoa and some viruses. With one device 400 – 1000 
litres water per hour can be produced. The power option is the fact, that only more 
than 1 m height difference between feed tank and SKYHYDRANT must exist. 
 
2.3.2 Manually operated combined chlorination-adsorption-flocculation 
and filtration system 
 
Fader (2005) described a simple method as SLOPING HOSE METHOD, which is 
based on the so called “COMMON DOSAGE PROCESS” (CDP) of the German 
army. This means the treatment of contaminated water step by step by chlorination 
with Ca(OCl)2 (243 mg/L Cl2), powdered activated carbon treatment (714 mg/L PAC), 
flocculation with FeCl3*6H2O (100 mg/L Fe3+) and filtration (absorbent cotton). The 
advantage of this combined CWTS was the fact, that Fader used plastic hoses as 
roll-ware, so that he could purify any volume he liked. For mixing the chemicals and 
producing the filtration pressure he used a handdriven air pump.  
 
Figure 2.3 shows the sloping hose system in the waste water plant of the city of 
Karlsruhe. 
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Figure 2.3 SLOPING HOSE METHOD (Fader, 2005) 
The mentioned CDP (Merkl, 2000) was developed by the German armed forces as a 
four barrier system (chlorination, activated carbon, flocculation and filtration). But the 
soldiers use so large vessels, electric stirrers and devices on trucks, that these 
systems are too large as a CWTS. Fader (2005) succeeded to develop from the CDP 
a transportable sloping hose method, but this system showed a great vulnerability of 
the used plastic hoses. The main disadvantage however was the fact, that the filters 
at the end of the hose were not backwashable. Therefore Maier (2009) developed 
with the “BIG BAG-Method” a better variant of the SLOPING HOSE Method, which 
uses the airstream simultaneous as mixer and backwasher and which protects the 
vulnerable plastic foils instead of the sloping hose by a robust Big Bag. Figure 2.3 
and 2.4 show the essential differences between the two methods. 
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Figure 2.4  BIG-BAG METHOD as continued development of the SLOPING HOSE 
METHOD (Maier, H., 2008) 
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2.4 Basis knowledge about chlorination and dechlorination in 
the water treatment 
2.4.1 General remarks 
 
The chemical chlorine - based disinfection process for drinking water supplies uses 
the free chlorine as gas, hypochlorites, the electrochemically generated chlorine from 
NaCl, chloramines, chlorine dioxide and salts of dichloroisocyanuracid. 
Sobsey et. al. (2002) discussed the advantages and disadvantages of the above 
mentioned chemicals during their use in the community or household and concluded 
that at doses of a few mg/L and contact times of about 30 minutes, free chlorine 
generally inactivates > 99,99 % of enteric bacteria and viruses. For point of use 
(POU) or household water treatment, the most practical forms of free chlorine are 
liquid sodiumhypochlorite or solid calciumhypochlorite. 
 
In comparison to the use of free chlorine in drinking water supplies the disinfection of 
water with chloramines leads to a better long-lasting disinfectant residual and also 
reduces the formation of free chlorine by-products such as trihalomethanes. But 
chloramines are weaker oxidants and germicides. It is known, that it takes about 10 
to 100 times more chloramines than free chlorine, to inactivate an equal amount of 
most waterborne microbes. Therefore chloramination is not commonly recommended 
for household water treatment. 
 
Especially in developed countries chlorine dioxide gas gained a widespread use for 
disinfection in public water works. Many waterworks in Switzerland use for example 
ClO2 (AWBR 2014) because it is a strong germicide capable of inactivating 
Cryptosporidium parvum oocysts at practical doses and contact times. But the 
toxicity of ClO2 and ClO2- (chlorite ion) limits its use. 
 
2.4.2 History of the application of chlorine for the treatment of water 
 
Since its introduction into water treatment in the beginning of the 20th century, 
chlorine has held a predominant position as reliable disinfectant. 
The first message about the disinfection of water in Germany with calcium 
hypochlorite Ca(OCl)2 was reported by Traube (Traube, 1894). He demonstrated, 
that a concentration of 4.25 mg/L Ca(OCl)2 in surface water killed all germs within 2 
hours, so that the so treated water could be used as drinking water.  
Maier and Mäckle (1976) reported, that in the United States of America sodium 
hypochlorite NaOCl was used from 1890 till 1911 in over 350 cities as an effective 
disinfection agent for drinking water treatment. The reason for the widespread and 
worldwide application of chlorine during drinking water treatment was its broad range 
of biocidal effectiveness, its reasonable persistence in treated waters, its ease of 
application and control and its cost effectiveness. Furthermore, chlorine is the only 
chemical agent, that is able to oxidize ammonia readily. In addition, chlorine is also 
  
17 
 
used in order to prevent the growth of algae during warm periods in uncovered 
coagulation and sedimentation basins as Fiesinger et al., Duguet (Fiesinger et al., 
1985) mentioned. 
However, the excellent reputation of chlorine in the world of waterworks decreased in 
1974 with the discovery of the formation of haloforms or trihalomethanes during 
chlorination of natural waters by Rook (1974). Rook recognized, that the reaction of 
organic matter with dissolved chlorine in water results in the formation of undesirable 
halogenated compounds like the trihalomethanes (THM = CHX3 with X = Cl, Br, J), 
which show a carcinogenic potential. Symons(1975_1, 1975_2) also reported that the 
average concentration of 80 chlorinated drinking waters in the United States 
amounted to: 
 
CHCl3  21 µg/L (0.1 – 311 µg/L) 
CHCl2Br 6 µg/L  (n.d. – 116 µg/L) 
CHClBr2 1.2 µg/L (n.d. – 100 µg/L) 
 
CHBr3 was not detectable in 69 % of all tested drinking waters. The highest 
concentration for CHBr3 was 92 µg/L. 
As a result of this national survey the Safe Drinking Water Act of 1974 was enacted 
by U.S. Congress (Clifford and Russel 1978), which fixed the maximum contaminant 
level for the sum of the concentrations of trichloromethane CHCl3, 
dibromochloromethane CHClBr2, bromodichloromethanen CHCl2Br and 
tribromomethane CHBr3 to 100ppb (=100µg/L). This MCL is applicable to all 
community water systems serving 10 000 or more people. The WHO (1984) 
recommended among the THM’s only a guideline for chloroform, equal to 30 µg/L. 
Limits ranging from 25 to 250 µg/L have been set in several countries to the above 
mentioned four specific THM’s. 
Maier and Mäckle (1976) discovered in 1976 the influence of a preozonation before a 
chlorination of Lake Constance water during the water purification process of the 
“Zweckverband Bodenseewasserversorgung” (Microstraining, ozonation, filtration, 
chlorination). They recognized an increase of bromine-THM’s and a decrease of 
chlorine-THM’s, when the lake water was treated with 1.4 mg O3/L before chlorination 
with 0.4 mg Cl2/L. The average DOC-content of the lake water was 1.2 mg C/L. Maier 
and Mäckle found the reason for this effect in the formation of Br2 by oxidation of 
2 Br- to Br2 by O3. A typical result of these investigations is given in Figure 2.5 . 
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Figure 2.5 Production of Trihalomethanes by chlorination of lake water before and  
 after ozonation (Maier and Mäckle, 1976) 
 
A great analytical progress was reached by Kühn (1974), who published his 
dissertation “Experiments for the determination of chlorinated organic compounds on 
activated carbon”. With this method it was possible to show, that during the 
chlorination of natural waters and waste waters besides the trihalomethanes also 
other chlorinated organic compounds are formed, which are good adsorbable on 
activated carbon. Six years after this important publication, Dressman, Najar and 
Redzikowski (Dressman, 1980) could show, that this AOX-method was accepted 
worldwide as a group parameter for the analysis of organohalides (AOX), which were 
divided in non-purgeable organic halogen (NPOX) and volatile purgeable organic 
halogen (POX). Stevens and Symons (Stevens, 1986) published the data for NPOX 
and POX from 7 utilities in the United States of America, which are shown in table 
2.2. 
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Table 2.2 Organic Halogene (OX) in 7 finished waters in US-waterworks 
 (Stevens, 1986) 
 
Utility 
NPOX 
(µg/L as Cl) 
POX 
(µg/L as Cl) Ratio NPOX/POX 
A 17 9.8 1.7 
C 52 64 0.8 
D 36 31 1.2 
E 165 180 0.9 
F 136 114 1.2 
G 66 133 0.5 
H 98 27 3.6 
 
The results in Table 2.2 demonstrate the variability of the ratio NPOX/POX, that may 
be caused by a number of factors, from which the pH-value during chlorination has 
the greatest influence. The ratio of NPOX/POX is shown to diminish with increasing 
pH, because increasing pH-values favor an increase in THM formation. At the same 
time a drastic decrease in NPOX concentration can be watched. In other studies 
reported, by Stevens and Symons (Stevens, 1986) besides the THM’s other 
chlorinated compounds as chloropicrin (CCl3NO2) chlorobenzene (C6H5Cl) 
chlorotoluene (H3C-C6H4-Cl), haloacetonitriles ( NCCHX 2 ≡−− ) like dichloroacetonitril 
( NCCH2Cl2 ≡−− ) and bromochloroacetonitril ( NCBrClCH ≡− ) were found by Trehy 
(Trehy, 1983) upon low pH chlorination of a South Florida drinking water source. At 
pH ~ 11 these by-products were not formed. Becke, 1983 found in his dissertation at 
the University of Karlsruhe (Germany), that chloropicrin is formed in higher 
concentrations up to 1 µg/L, when the chlorinated raw water of the lake water was 
preozonated, because O3 which is produced from air, contains N2O5 as nitrifying 
reagent.  
 
Seeger et al. (1985) proved, that dichloroacetic-acid CHCl2-COOH and 
trichloroacetic-acid CCl3-COOH are the major products of chlorination of humic acids 
in water. Until today, many other by-products of chlorination have been detected by 
gas chromatography /mass spectroscopy methods and HPLC, mostly aromatic and 
aliphatic acids. 
 
Due to the results of Kronberg et al. (1985) many of these compounds, which have 
been formed during the chlorination of humic acid containing waters have been 
tested as mutagenic compounds. The presence of Ames-mutagenic compounds in 
chlorine treated drinking water has been noticed already in several former studies by 
Cheh (1980), van der Gaag (1982) and Kool (1982). 
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In 1990 Lloyd (1990) gave a toxicology review of reaction products from chlorine. 
This review showed the presence of genotoxic substances, which have been formed 
by the reaction between humic and fulvic acids and oxidant chemicals used during 
water disinfection. Besides the chlorine also other disinfectants as chlorine dioxide, 
ozone, monochloramine, bromine, brominechloride, iodine and iodine-based 
compounds were noticed as sources of undesired by-products. Lloyd (1992) also 
tested so called iodocarbs (iodinated charcoal, granular elemental iodine and 
electrolytic produced chlorine at the Surbiton treatment plant at the Thames Water 
Authority. As an important result of this project it was recognized, that communities 
using surface water sources should require multistage prefilters. This additional step 
is cost effective but minimizes chlorine demand. 
 
Despite of these disadvantageous effects of the application of chlorine during 
drinking water treatment 25 years later an international review from the WORLD 
HEALTH ORGANIZATION (WHO 2000) about disinfectants and disinfectant by-
products concluded:  
„Existing epidemiological date are insufficient to allow a conclusion, that the observed 
associations between bladder or any other cancer and chlorinated water or THM’s 
are causal or provide an accurate estimate of the magnitude of risk”  
Hrudey and Hrudey (2004) reviewed the causes of waterborne outbreaks, that the 
chlorination also in the 21th century „remains the most widely used and generally the 
most cost-effective means of drinking water disinfection, because this disinfection 
method may leave a disinfectant residual, offering some level of disinfection capacity 
as well as a real-time measurable marker of microbial contaminant demand for 
chlorine”.  
Chlorine application in water treatment other than drinking water are the disinfection 
of municipal waste water, cooling water, swimming pool water and the cyanide 
removal in industrial effluents. 
 
Maier and Maier (2013) demonstrated, that the application of chlorine is the most 
important treatment step during emergency water treatment. 
Maier and Doppler (2014) proposed new chemicals for the dechlorination of 
chlorinated water with an excess of residual chlorine. They could show, that instead 
of active carbon also wooden-grill-coal has a sufficient dechlorination potential. 
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3 Chlorine Chemistry in Water Treatment Processes 
 
3.1 Chemical Properties and reactions of chlorine with 
inorganic substances 
 
At room temperature (20°C), chlorine is a greenish-yellow gas. Below -101°C, it is 
solid. (Melting point -100.98°C). Between -100.98 °C and -34.6 °C, chlorine is liquid. 
(Handbook of Chemistry and Physics) (Weast, 1974). At higher temperatures, 
chlorine is a gas, which can easily be compressed at 5 bars into a liquid. At 20°C and 
5 bar 450 mL of chlorine gas forms 1 mL of liquid chlorine. Chlorine is 2.5 times 
heavier than air. 
Even in small concentration, chlorine is a very toxic gas. Sarai (Sarai, 2006) reported, 
that the US-Occupational Safety and Health Act (OSHA) allows less than 1 ppm of 
chlorine in the air. The physiological effects of various concentrations of chlorine as 
ppm in air are described in Table 3.1. 
 
Table 3.1 Physiological effect of chlorine in air (Sarai, 2006) 
Effect Cl2-concentration in air [ppm] 
Least detectable by odor < 3.5 
Produces throat irritation 15 
Produces coughing 30 
Dangerous for 30 minutes exposure 40-60 
Rapidly fatal 1000 
 
For aqueous solutions in water Wüstenberg (1971) showed a wide range for the 
toxicity of chlorine (LD50) against low water organism (L), fishes (F) and endothermic 
organism (E), with can be seen from Table 3.2. 
Table 3.2 LD50-values for oral intake of contact with chlorine in water   
 
 
 
 
Low water organism (L), Fishes (F) and endothermic organism (E) 
 
Gaseous chlorine, when added to water rapidly hydrolyzes to hypochlorous acid 
(HOCl) and hydrochloric acid (HCl) due to Equation 3.1: 
 
Organism L F E 
LD50-values 0.1 – 25 mg/L 0.05 – 0.6 mg/L > 100 mg/L 
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Cl2 OH2 HOCl ClH+ +
 
Equation 3.1  
 
 
The very weak HOCl is further dissociated into H+ an OCl-. The extent of the 
dissociation depends on the pH-value and the temperature of the water, as shown in 
Figure 3.1. 
 
 
Figure 3.1 Chemical equilibration of chlorine, hypochlorous acid and hypochlorite 
  ion at 20 °C (DVGW, 2008) 
 
The chlorine–species Cl2, HOCl and OCl- are together known as “free chlorine”. Of 
the free chlorine, the hypochlorous acid (HOCl) is a more powerful bactericide than 
the hypochlorite ion (OCl-). 
Commercially chlorine is available as a liquid, pressurized at 5 bar, available in 
cylinders with 50 kg liquid chlorine or tanks with 1000 kg liquid chlorine.  
In the laboratory chlorine can be produced by oxidation of hydrochloric acid (HCl) 
with manganese-dioxide (MnO2) or permanganate (MnO4-) in accordance to Equation 
3.2 and Equation 3.3.  
 
Cl2OH2ClH MnO2 MnCl2+4 2 + +
 
Equation 3.2 
 
Cl2 OH2MnO4 H
+ Cl Mn2 ++2 + +
- 16 10
2+
5 8
 
Equation 3.3 
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Equation 3.2 – found in Holleman-Wiberg (1964) –was for a long time the basis of a 
technical process for the production of chlorine, which is known as “Weldon process”. 
The MnCl2 was oxidized by air again to MnO2.  
Another early technical process in order to produce chlorine was the so called 
Deacon-process due to Equation 3.4: 
 
Cl2OH2ClH O2 2+ 2 +
 
Equation 3.4 
 
Therefore, 70 % air and 30 % HCl were heated together with the catalyst CuCl2 at 
430°C. 
Instead of a chemical oxidation of HCl to Cl2., it also can be produced by electrolysis 
of HCl or NaCl (Equation 3.5). This special method and other alternative halogene-
based disinfection methods as iodinated Charcoal and halogenated resins were 
described by Lloyd (Lloyd, 1992). 
 
(anode)2Cl(cathode)2H2HClEnergy +→+  Equation 3.5 
 
When chlorine (Cl2) and ammonia (NH3/NH4+) are both present in the water, they 
react to form products, which are known collectively as chloramines. The inorganic 
chloramines consist of the three species monochloramine (NH2Cl), dichloramine 
(NHCl2) and trichloramine (NCl3). The principal reactions for chloramine formation are 
shown in equations 3.6, 3.7 and 3.8. 
 
OH2HOClNH3 NH2Cl+ +
 
Equation 3.6 
 
OH2HOClNH2Cl NHCl2+ +
 
Equation 3.7 
 
OH2HOClNHCl2 NCl3+ +
 
Equation 3.8 
 
Further addition of chlorine leads to the formation of nitrogen N2 and chloride Cl- due 
to Equation 3.9: 
 
OH2HOCl H
+ ClNH2Cl N2+ + 32 + +3
 
Equation 3.9 
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These chemical reactions of dissolved chlorine in water with ammonia are 
responsible for the so-called “Breakpoint- curve” which is shown in Figure 3.2. 
 
 
Figure 3.2 Dose Demand curve for the chlorine-ammonia reaction after 
approximately 1 hr at pH 7 or 8 (White 1978) 
 
When ammonia is present in water or wastewater, which is treated with chlorine for 
disinfection, the chlorine dosage must be increased, till a sufficient concentration for 
free chlorine is detectable. 
 
White (1978) gave a good overview over the shape of the breakpoint-curve as a 
function of chlorine dose to the ammonia dose. Snoeyink and Jenkins (1980) 
described in detail the effect of pH on the formation of monochloramine, because 
both reactants (ammonia and hypochlorous acid) are affected by the pH-value. 
Combined chlorine is less powerful as bactericide than free chlorine. Of the free 
chlorine hypochlorous acid HOCl is estimated to be about 100 fold more effective as 
a disinfectant than the hypochlorite ion OCl-. 
Chlorine may be added to water as a gas or as a solution made from sodium 
hypochlorite (NaOCl) or calcium hypochlorite (Ca(OCl)2). For small waterworks often 
the dosage of solutions of sodium hypochlorite (NaOCl) is preferred. Commercial 
sodium hypochlorite solutions contain Cl2-concentrations of about 150 g/L free 
chlorine. For emergency water treatment the dosage of solutions of calcium 
hypochlorite (Ca(OCl)2 or a mixture of CaCl2 and Ca(OCl)2 = ClO–Ca-Cl is 
advantageous, because the transport of solid calcium hypochlorite is easier than the 
transport of a liquid solution of sodium hypochlorite. 
The form in which chlorine is added to the water affects some of the chemical 
properties of the water. 
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The addition of chlorine gas to water will lower its alkalinity, because of the 
production of HCl and HOCl according to the Equation 3.1. 
 
 
Alkalinity is a measure of the capacity of water to neutralize strong acid. In the 
determination of total alkalinity a known volume of a water sample is titrated with a 
standard solution of 0.1 molar HCl to a pH-value of 4.3. This endpoint is commonly 
indicated by the color change of the indicator methyl orange from yellow –orange to 
red (Sontheimer, 1980)). 
However, if chlorine is dosed as NaOCl there will be an increase in alkalinity because 
after Equation 3.10 and Equation 3.11 OH- -ions are produced, which consume acid. 
 
NaOCl Na
+
OCl+
-
 
Equation 3.10 
 
OH2 HOClOCl OH+ +
- -
 
Equation 3.11 
 
The use of calcium hypochlorite increases both the alkalinity and the total hardness 
(Ca2+) of water: 
 
OClCaCa(OCL)2 +
-2+
 
Equation 3.12 
 
OH2 HOClOCl OH2+2 2 +
- -2
 
Equation 3.13 
 
These considerations are important, because they show, that the form, in which 
chlorine is added, can affect the water chemistry in different ways.  
In the practice of water chlorination the reactions between chlorine and some 
inorganic species like Mn2+, Fe2+, NO2-, S2-, which are often found in the so called 
“reduced ground waters” or in the “River bank filtrate” must be noticed, because they 
consume chlorine or hypochlorous acid: 
 
Cl2 ClFe Fe2+ 2 +
2+ 23+
 
Equation 3.14 
 
OH2HOCl H+ ClFe Fe+ 2 ++ +
2+ 2
3+
 
Equation 3.15 
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The reaction of chlorine with Mn2+ only occurs at pH > 8.5 (Jander et al. 1963) 
quantitatively after Equation 3.16. 
 
Cl2 OH2 MnO2 H
+ ClMn+ 2++ 42+
2+
 
Equation 3.16 
 
Nitrite NO2- is oxidized by chlorine to nitrate NO3- due to Equation 3.17. 
 
HOCl H+ClNO2 NO3+ ++
- -
 
Equation 3.17 
 
Each mole of NO2- (MG = 46 g/mole as NO2-) consumes 1 mole of HOCl (MG = 52.5 
g/mole as HOCl or 71 g/mole as Cl2 
 
For the oxidation of sulfides S2- with chlorine Snoeyink and Jenkins (Snoeyink, 1980) 
mentioned, that polysulfides, for example S52-, are formed. 
 
Cl2 ClS S S S S S +4+5
2- [ ] 2- 8
 
Equation 3.18 
 
For the treatment of water in emergencies, it is important to know, that cyanide CN-
and cyanide complexes are destroyed by chlorine. Twort et al. (2006) report, that 
„chlorination to a free chlorine residual under neutral or alkaline conditions effectively 
decomposes any remaining cyanide present in a raw water”. It can be assumed, that 
the reaction leads to cyanates (OCN)-. 
Finally it must be mentioned, that also some inorganic substances like bromate 
(BrO3-) or chlorate (ClO3-) and chlorite (ClO2-) can be found in chlorinated water, 
because these compounds are detectable in commercially available sodium 
hypochlorite or in sodium hypochlorite solutions, which have been produced on site 
by the electrolytic generation of chlorine from salt water (discussed in chapter 2.2.3). 
 
3.2 Reaction of chlorine with organic substances 
 
As mentioned in chapter 2.4.2 many organic chlorinated substances, the so called 
“by products” are formed during chlorination of natural waters, from which the THM’s 
play the most important role. Müller (1995) summarized the influence-factors on the 
THM formation with chlorine in Table 3..3. 
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Table 3.3 THM formation (Müller, 1995) 
 
Influence factors on the THM-formation with chlorine 
pH-value 
Temperature 
Concentration of Br- 
Chlorine dose 
Time of contact 
Concentration of organic precursors 
Structure of organic precursors 
Concentration of NH4+, Fe2+ and Mn2+ 
 
The formation of THM’s occurs according to the so-called EINHORN-reaction in 3 
steps: 
 
1. Oxidation of the alcohol to the carbonyl compound 
 
Cl2 OH2ClHOHC
OH
CH3
H
R CR CH3
O
++++
-0.5
 
 
2. Halogenation of the active CH3-group 
 
Cl2 ClHC
O
CCl3RCR CH3
O
3+ +3
 
Equation 3.20 
 
3. Hydrolysis 
 
CHCl3OHC
O
CCl3R CR O
O
++
-
 
Equation 3.21 
 
The influence of the pH-value on the formation of chloroform during the chlorination 
of Ohio-River-Water with 10 mg/L Cl2 is shown by Müller (1995) in Figure 3.3. 
 
Equation 3.19 
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Figure 3.3 Formation of chloroform during the chlorination at different pH-levels 
(Müller, 1995) 
 
The WHO (1996) has set guideline values of 200 µg/L for chloroform and bromoform 
and 60 µg/L for bromodichloromethane. In Germany the limit for the sum of the 
THM’s may not exceed a concentration of 50 µg/L. (Grohmann et al. 2003). 
The current UK Regulations require, that the total concentration of the 3 months 
average of the above mentioned 4 THM’s do not exceed 100 µg/L and the USEPA-
THM-limits (USEPA, 1996) are 80 µg/L for total THM’s. 
Morris and Braun (1978) reported that not all compounds, which have the acetyl 
group C OCH3  react rapidly enough to pose a problem during water treatment. For 
example, the reaction with acetone at concentrations found in polluted water supplies 
is too slow for it to be of concern. The major source of these groups appears to be in 
the so-called humic substances. 
 
Another possibility to produce chlorinated organic compounds during the chlorination 
of organic loaded water or wastewater is the addition of chlorine Cl2 or HOCl to a 
double bond according with Equation 3.22 and Equation 3.23. 
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CC Cl2 C C
Cl Cl
+
 
Equation 3.22 
CC HOCl C C
Cl OH
+
 
Equation 3.23 
 
Morris (1978-1) postulated however, that for many compounds with double bonds, 
this reaction is too slow to be of importance in water treatment. 
For the mentioned chloroacetic acids, monochloro-, dichloro- and trichloro-acetic 
acids (CH2Cl-COOH, CHCl2-COOH and CCl3-COOH), also the Disinfectants / 
Disinfection By-products Rule of the USEPA (1996) has set a maximum standard 
concentration of 60 µg/L for all public water systems. The WHO (1997) provisional 
guideline values were 50 µg/L for dichloroaceticacid and 100 µg/L for trichloroacetic 
acid, which have been confirmed in the WHO-Guidelines (WHO, 2004).  
 
The first report about the formation of chlorophenols during water treatment came 
from the Zürich Water Supply in 1967 (Schalekamp, 1967), where wastewater from a 
gas work at the Lake of Zürich in Switzerland appeared in the raw water of this water 
supply plant. The chlorophenols have very low organoleptic thresholds and can be 
immediately noticed by the water consumers by its antiseptic “pharmacy taste”. 
Water quality standards for trichloro- and pentachlorophenol are set by the WHO 
health based guidelines at 2 µg/L. Phenols can be effectively removed by high 
chlorine doses (superchlorination), whereby the excess chlorine chemically 
decomposes the phenol. The current UK Regulations standard for phenols is 0.5 
µg/L. Lucas (1995) published the results of an intensive literature research. He found 
23 reports, in which chlorinated products from addition and substitution-reactions 
from chlorine with polycyclic aromatic hydrocarbons PAH’s were mentioned. For the 
reaction of PAH’s with Cl2 Lucas suggested the following kinetics in                              
Equation 3.24: 
 
 
[ ] [ ] [ ]PAHClk
dt
PAHd
⋅=− 2                              Equation 3.24 
 
Some of these by-products showed mutagenic effects. 
The sum of all chlorine byproducts which have been formed due to the mentioned 
mechanisms, can be measured in the water with the so called AOX –method (means 
on Activated Carbon Adsorbable Organic Halogens (X = Cl2, Br2, I2), which was 
developed by Kuehn (1984). This value is always essential higher than the THM-
concentration of a water after chlorination and nobody knows, which chlorinated 
single substances are hidden behind this value. The AOX-formation in a DOC-rich 
water also climbs with climbing DOC-concentration and with risising chlorine dosage. 
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3.3 Dechlorination 
 
3.3.1 Dechlorination with Activated Carbon 
 
Free chlorine reacts readily with activated carbon and is reduced by it to chloride-ions 
(Cl-). Pick (1929) was the first to evaluate the parameters of the dechlorination 
process. He proposed the following equation  
 
2 Cl2 + C + 2 H2O → 4 HCl + CO2  Equation 3.25 
 
Baylis (1935) proposed the same equation, but noticed, that there was a time lag 
between the introduction of the aqueous chlorine solution and the presence of Cl- in 
the effluent and proposed that the adsorption of Cl- on the carbon surface was 
responsible for the time lag. The mechanism is explained by Sontheimer et al. 
(1988). 
  
Another view held by different investigators and reported by Hassler (1963) is, that 
the activated carbon acts merely as a catalyst for the production of chloride and O2 
due to equation 3.26 
 
2 Cl2 + 2 H2O <-> 4 HCl + O2 Equation 3.26 
 
The third theory for the reaction mechanism between chlorine and carbon is the 
formation of surface oxides, which also were observed by oxidation of activated 
carbon with other strong oxidants (Maier, 1968). 
 
Snoeyink et al. (1974) studied the accumulation of acidic surface oxides – like 
COOH-groups – as a function of the amount of free chlorine reacted. He found, that – 
with a special powdered activated carbon (PAC) - one gramm of Cl2 had reacted with 
one gramm of carbon. 
 
Olson and Binning (1974) confirmed the formation of COOH-groups (carboxylic 
groups) during the contact of chlorine water with activated carbon. 
 
One of the first equations for the dechlorination of water in carbon beds was derived 
by Pick (1929), who postulated , based on experimental results the following 
Equation. 
 
Log co./c =  K ∗ L/   
 
Equation 3.27 
 
where L = filter bed length 
Vf = flow velocity of the chlorinated water 
  
31 
 
and K is a constant, dependent on the carbon quality 
 
3.3.2 Alternative Dechlorination Methods 
Other methods for the dechlorination of water are the treatment of the chlorinated 
water with sulphur dioxide (SO2) or sodiumbisulphite (NaHSO3) or sodiumthiosulfate 
(Na2S2O3), but these methods have not been examined in this work. 
3.4 Disinfection of different waterrelated microorganisms with 
Chlorine 
 
Microbial agents, that cause diseases are commonly divided into three classes: 
• Viruses 
• Bacteria 
• Protozoa 
3.4.1 Waterrelated viruses as pathogens 
 
Viruses are the smallest and simplest forms of infectious agents with a size of 0.02 – 
0.1 µm. They need to use host cells to achieve reproduction. 
Specter et al. Young (2000) summarized in their textbook, that viruses are dependent 
organisms, which posess no means of moving themselves within water. Hurst et al. 
(2002) remarked, that the simplest viruses consist only of a protein shell surrounding 
their genetic material, while other viruses also posess an envelope or outer layer, 
derived from the host cell membrane in addition to their protein shell. Therefore 
among the viruses a wide range of diversity is known also because of their ability to 
mutate and to adapt rapidly to changing environmental conditions.  
Abbaszadegan et al. (2003) showed, that the removal of viruses by conventional 
water filtration over granular filter media is limited by their size. Most viruses are 
considered moderately susceptible to disinfection by chlorination, but they are 
commonly more resistant than pathogenous bacteria, but less resistant than 
pathogenous bacteria, but generally less resistant than protozoan pathogens. Well 
known specific examples of viral pathogens are hepatitis A virus, norovirus and 
rotavirus. 
 
Hepatitis A virus (HAV) has a diameter of ~ 0.027 µm. Humans are the natural and 
primary reservoir for HAV. The normal route of transmission for HAV is faecal-oral. 
Typically this process occurs from person to person, but transmission also can be in 
the water. HAV is stable in water warmer than 60°C. It is relatively stable in the 
environment, resistant to heat and extreme pH-values (3.5 – 10). After uptake in the 
bendy, the HAV passes through the stomach and begins to replicate in the large 
intestine and in the liver. 
The infectious dose for HAV has been assumed to be in the range of 10 to 100 virus 
particles (US FOOD and DRUG ADMINISTRATION, 2004)). Craun et al. (2006) 
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reported about the percentage of HAV of the etiologies of waterborne outbreaks in 
the United Statets from 1920 -2002.. These results are shown in figure 3.4. 
 
 Figure 3.4 Etiologies of waterborne outbreaks in the United States from 1920 – 
2002,(Craun et al.2006) 
 
Noroviruses appear to be 0.0027 - 0.04 µm in diameter. Chin (2000) reported, that 
humans are the normal hosts and that the infection is typically spread via fecal-oral 
transmission. Noroviruses cause vomiting, diarrhea, headache and low-grade fever. 
Keswick et al. (1985) reported about human volunteer studies with noroviruses 
contaminated solutions, which were treated with free chlorine and monochloramine. 
Only abnormally high doses of 10 mg/L of free chlorine, leaving 5 – 6 mg/L residual 
free chlorine after 30 minutes, showed, that no volunteers were infected. 
 
Rotaviruses are large-structured, spherical viruses of about 0.07 µm diameter. There 
are six known groups A to F, from which groups A, B and C are found in humans, 
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Group B has caused large adult epidemics in China (Chin, 2000). Rotaviruses are 
transmitted by the fecal-oral route. Because they are ubiquitous in human 
wastewaters, waterrelated rotavirus outbreaks are to fear in all cases, when human 
sewage contaminates drinking water. Rotaviruses are the cause of more than one-
third of hospitalized cases of diarrhea disease in infants and children under five 
years. Chin (2000) estimated, that in the United States per year 125 deaths among 
infants and young children are to deplore. Worldwide 600.000 to 870.000 annuals 
deaths are estimated.  
Rotaviruses are believed to resist inactivation at extreme low or high pH-values (3-
10). Like other enteroviruses, they are inactivated by chlorination although not as 
effectively as enteric bacteria for example Escherichia coli. 
 
3.4.2 Waterrelated bacteriae as pathogens  
 
The bacteria family Enterobacteriacaea is divided due to Carlson (1979) in the 
following kinds: 
 
Citrobacter 
Edwardsiella 
Enterobacter 
Escherichia 
Hafnia 
Klebsiella 
Proteus-Providencia 
Salmonella  
and Serratia Shigella 
 
Some groups of these bacteria are recognized as pathogenous species: 
six groups of Escherichia coli, four serogroups of Shigella and some groups of 
Salmonella.  
All pathogenous strains of E. coli, Salmonella and Shigella are spread by the fecal-
oral route through contamination of water, milk and food. Person to person spread is 
caused by inadequate sanitation and poor personal hygiene. 
Chin (2000) reported, that the enterotoxigenic E. coli group ETEC and the 
enterohemorrhagic E. coli group EHEC have been identified as causing major 
waterrelated-disease outbreaks. The symptoms of ETEC infection and EHEC 
infection include diarrhea, that may range from mild to severe diarrhea. 
Some pathogenous Salmonellae strains cause human diseases like gastroenteritis 
fever, blood poisoning, diarrhea and vomiting. Typhoid fever is caused by Salmonella 
typhi. 
Shigellae cause bacillary dysentery (bloody diarrhea) accompanied by fever, nausea, 
vomiting and cramps. 
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In table 3.4 there can be seen the characteristic dates of the pathogens bacteria 
E.coli, Shigellae and Salmonella.  
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Table 3.4 Main characteristic dates of the Enterobacteriaceae E.coli, Salmonellae 
and Shigellae  
  (Covert, 2005 and Hunter, 1997) 
 
Enterobacteriaceae 
Gram-
negative 
rods 
Spores 
formation 
Spread 
by Survive in 
E. coli Yes 0.5-2 µm No Fecal-oral 
Some days in 
contaminated 
drinking water 
Salmonellae 
Yes 
2-5µm long 
0.8-1.5 µm wide 
No Fecal-oral 
Some month in 
contaminated surface 
water 
Shigellae 
Yes 
0.3-1 µm long 
1-6 µm wide 
No Fecal-oral 
4 days in river water 
100 days in clean 
cold water 
 
The pathogenous strains of E. coli are as susceptible to chlorination as non 
pathogenous species. A free chlorine dose of 0.2 mg/L Cl2 with 1 minute contact time 
easily achieves a 99 % kill of E. coli (Rice, 2005). For the practice of water supply, it 
is very important to maintain in all areas of the water distribution system an adequate 
Cl2 residual-concentration. 
Chlorination inactivates Salmonellae as readily as E. coli. Covert (2005) and Hunter 
(1997) reported, that Shigella species are readily inactivated by chlorination. 
 
3.4.3 Waterrelated Protozoan Parasites as pathogens 
 
Gardia lamblia and Cryptosporidium parvum are both protozoan and obligatory 
parasites of the intestinal tract of endothermic animals. Both are species, which  
produce human disease. 
Giardia exists in two forms, a round oral cyst for transmission in the environment 
which is 8 to 18 µm long and 5 to 15 µm wide and an active living form in the host. 
Cryptosporidium is a robust double-walled 6 µm Oocyst, which develops in the 
intestinal tract of humans and animals as Zygotes, which are released back into the 
environment in the feces of the infected host.  
Because of their thick double wall Oocysts can survive for months in cold, moist 
environments. Fricker (2002) found in surface waters 0.01 to 100 Cryptosporidium 
Oocysts per Liter. 
The main symptoms of infection with Giardia lamblia and Cryptosporiudium parvum 
are diarrhea, including cramping, vomiting, fever and fatigue. Chlorine can achieve 
more than 99 % inactivation of cysts of Giardia at lower pH and warmer 
temperatures, but very long contact times are needed. Combined chlorine is much 
less affective than free chlorine for inactivating Giardia. Oocysts of Cryptosporidium 
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are very resistant to chlorine disinfection. The main breakthrough in disinfection 
practice has been the discovery, that low dosages of UV will damage, but not kill, the 
Oocysts, so that they are unable to reproduce within a host.  
 
Burlingame (2008) reported, that the first waterrelated outbreak of giardiasis in the  
US happened 1978 in New York and that giardiasis outbreaks continued throughout 
the 1980s and the 1990s. They were mostly attributed to unfiltrated and 
unchlorinated drinking water. In the 1990s giardia was overshadowed by 
cryptosporidium as emerging pathogenous parasite. Cryptosporidium was found to 
be a concern for humans in 1976 and recognized as a potential waterborne pathogen 
in 1984. The 1993 cryptosporodiosis outbreak in Milwaukee, USA, brought increased 
awareness of the threat from cryptosporidium. The Philadelpia Water Departement 
(PWD) increased its efforts in water treatment, monitoring, research, communication 
and public health surveillance. The treatment investigations of PWD showed, that 
chlorine disinfection could adequately achive necessary goal for Giardia but not for 
cryptosporidium. For cryptosporidium this goal was only achieved, when the water 
turbidity before chlorination was below 0,1 NTU. Philadelphia’s experience can be 
used as a model for future responses to other emerging pathogens. 
 
 
3.5 Disinfection Mechanisms 
 
In the water treatment, two types of mechanisms are postulated to be the 
predominant factors controlling the effectiveness of disinfection: 
 
• Rupture of the cell wall by oxidation 
• Diffusion of the disinfectant into the cell 
 
If oxidation would be the only mechanism responsible for disinfection, the value for 
the Standard Potentials in mV of the chemical disinfectants would determine the 
order of disinfection strength as Table 3.5 shows: 
 
Table 3.5 Standard Potentials of different disinfectants (Jander et al., 1963) 
 
Disinfectant Standard Potential (mV) 
Ozone (O3) 2,07 
Chlorine dioxide ClO2 1.91 
Chlorine Cl2 1.36 
  
These potentials are dependent on the concentration of the disinfectants. On the 
other hand, microorganism characteristics as cell wall, cytostructure, lack of enzymes 
and protoplasm influence the resistance to disinfection (Chang, 1971). 
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Disinfection effectiveness also depends on the contact time. Empirical relationships 
have been developed, which indicate, that a given percentage destruction of an 
organism can be obtained by balancing dose against contact time. 
To the principal factors influencing the disinfection process belong besides the art 
and concentration of disinfectant, the type of microorganism, the contact time, the 
pH-value, the turbidity, the water temperature and the art and concentration of 
disinfectant consuming dissolved inorganic and organic substances. 
The investigations of Symons (1975_2) and Hoff (1978), Foster (1980) and Wricke 
(2007) demonstrate, that particles, which are responsible for turbidity, can surround 
and shield microorganisms from disinfectant action. 
Also organic materials can decrease the disinfection efficiency by adhering to cell 
surfaces and hindering attack by disinfectant. 
Compounds such as iron, manganese, hydrogen sulfide, cyanides and ammonia are 
responsible for the decrease of the disinfection efficiency, as they can react with the 
disinfectant, as discussed in chapter 3.1.  
 
As shown in figure 3.1 the pH-value of the water can affect the chemical form of 
chlorine. For example, the most active chlorine species for disinfection is the 
hypochlorous acid (HOCl), which predominates in water with a pH-value less than 7. 
 
Temperature affects the reaction rate of certain disinfection steps, such as diffusion 
of the disinfectant through cell walls or the reaction rate of disinfection. 
White (1992) defined the so-called “c x t-value”, which is the product of contact-time t 
(in minutes) and the chlorine-free residual concentration c (in mg/L) at the end of that 
contact time. The WORLD HEALTH ORGANIZATION (1989) defined this product as 
“exposure value” and postulated, that a concentration of 0,5 mg/L Cl2 free after 30 
minutes contact would produce a high disinfection safety (c x t-value = 15 mg x 
min/L) 
In the WHO Technical Note 11 (2011) on drinking water sanitation and hygiene in 
emergencies the effect of chlorine residual is emphasized, as can be seen in figure 
3.5. Different chlorine dosages from 1,5 mg/L Cl2 free , 2,0 mg/l Cl2 free and 2,5 mg/L 
Cl2 free to an emergency water show, the higher the residual chlorine levels in the 
water, the better and longer the chlorine will be able to protect the system and the 
people. However, high levels of chlorine make the water smell and give a bad taste, 
which will discourage people from drinking it. The WHO recommends for normal 
domestic use, residual chlorine levels at the point of use between 0,2 and 0,5 mg/L 
Cl2 free. In order to reach this goal – especially when higher chlorine concentrations 
were necessary after emergency situations – special dechlorinations methods should 
be used after the proposed reaction-time of 30 minutes, which have been discussed 
in chapter 3.3. 
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Figure 3.5 Addition of different amounts of chlorine and their residual (WHO, 2011)
  
 
It must be emphasized, „that the c x t-criterion is only applicable to the inactivation of 
bacteria and most viruses and therefore cannot be compared with the c x t-values for 
inactivation of cysts” (Twort et al.(2006)). 
A comparison of some cxt-values for chlorination of Giardia lamblia is given in Table 
3.6 for pH 6-9 at 20°C, a free residual chlorine of 2 mg/L and 1-log , 2-log or 3-log 
inactivation 
 
Table 3.6 Comparison of c x t-values for chlorination of Giardia lamblia and 
 enteric viruses (Free residual chlorine 2 mg/l, 20°C) (Twort et al.2006) 
 
c x t-values in [mg*min/L] for chlorine free 
pH 1-log inactivation Giardia lamblia 
2-log inactivation 
Enteric viruses 
3-log inactivation 
Enteric viruses 
6 15 - - 
7 21 - - 
8 30 - - 
9 44 - - 
6-9 - 1 2 
 
Table 3.6 shows that Protozoa cysts are more resistant to chlorine than viruses. 
According to the WHO-Guidelines for Drinking Water Quality (1996) the cysts of 
Giardia lamblia are less resistant to chlorine as the oocysts of Cryptosporidium. 
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Smith (1989) reported, that rest chlorine concentrations of 16 g/L Cl2 or more have 
been found necessary to reduce the viability of the oocysts to zero. Until today no 
completely satisfactory disinfection procedure to eliminate protozoan cysts and 
oocysts has been found. Therefore in the case of such contaminated waters always 
several steps have to be combined, for example membrane filtration with chlorination 
or other alternative disinfection processes as ozone, UV-radiation or advanced 
oxidation processes (AOP).  
C x t-values applicable to virus inactivation using chlorine at pH 6 – 9 and pH 10 as 
function of the water temperature are illustrated in figure 3.6 
 
 
Figure 3.6: c x t values applicable to virus inactivation using chlorine 
  (Degrémont and Suez, 2007) 
 
Figure 3.6 shows, that lower pH-values of 6 – 9 during chlorination, for example for a 
2-log (99 %) virus-inactivation in comparison to a pH-value of 10 need lower c x t-
values, which are generally decreasing with increasing water-temperature. 
Berg (1964) published the time-concentration relationship for HOCL and different 
types of viruses, as it is shown in figure 3.7. 
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Figure 3.7  Correlation between the contact time for log2 kill of bacteria and viruses 
and the necessary HOCl amount (Berg,1964) 
 
This figure shows the differential capability of HOCl for destroying different types of 
viruses in comparison to E. coli. 
3.6 Kinetics of Disinfection 
 
Chick (1908) was the first, who expressed an equation for the kinetics of disinfection 
as a first-order chemical reaction. 
 
 tk
N
N
*ln
0
−=  Equation 3.28 
 
with  :N  number of organism present at time t 
 :0N  number of organism present at time t = O 
 
:k
 rate constant 
 :t  time 
 
The rate constant k  depends on the type of disinfectant, on the type of 
microorganism and on water quality aspects. 
WATSON [WATSON1908] refined the equation of CHICK and produced an empirical 
relation known as Chick-Watson equation (Equation 3.29). 
 
 tc
N
N n
∗∗−= λ
0
ln  Equation 3.29 
 
with   :λ  coefficient of specific lethality 
 :c
 
concentration of disinfectant 
 :n  coefficient of dilution 
  
41 
 
 
The value of n  in the Chick-Watson equation depends on the disinfectant and pH-
value. It is often near to 1.  
The coefficient λ  represents the relative potencies for a given reagent and a specific 
organism at a specified temperature. The NATIONAL ACADEMY of SCIENCE (USA) 
(1980) published λ  coefficients for several disinfectants for a 99 % inactivation at pH 
7 and 20 °C for E. coli, Poliovirus I and Entamoeba histolytica cysts, as follows in 
table 3.7 
 
Table 3.7 λ  coefficients for alternative disinfectants  
  (NATIONAL ACADEMY of SCIENCE, 1980) 
 
Disinfectant E. coli Polivirus 1 Entamoeba cysts 
O3 2300 920 3.1 
HOCl 120 4.6 0.23 
OCl- 5.0 0.44 - 
NHCl2 0,84 0,00092 - 
 
Table 3.7 indicates, that the most effective disinfectant is ozone, followed by 
hypochlorous acid, hypochlorite ion and chloramines for all microorganism types. 
From left to right in table 3.7 the values show, that bacteriae like E. coli are easier to 
kill than viruses and that cysts are particularly resistant. 
Unfortunately, the Chick-Watson equation is not found in many practical disinfection 
operations.  
 
Figure 3.8 Comparison of different survival curves for viruses and bacteria related 
to the killing time (Collins and Selleck, 1972) 
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In figure 3.8 the linear curve B, which is described by Chicks law, indicates a 
constant rate of kill. But in many cases the rate of kill increases (like curve A) or 
decreases (like curve C) or has two steps, each following a different rate of kill (curve 
D) 
Type A is often found in wastewater chlorination, because an initial lag time normally 
exists before the disinfection process begins. 
Scarpino (1977) offered a possible explanation for this effect. The initial lag 
represents the time, which is required for diffusion of the disinfectant to the cell and 
transport across the cell membrane and also for the reaction with vital constituents 
due to the theory of Collins and Selleck (1972)). Another common aberration – as 
shown in curve-type C – is the decrease in the rate of kill with time. It is explained by 
Gard (1957) by a decrease of the germicidal properties of the disinfecting agent with 
time and by chlorine demand of the water. Another explanation could be the fact, that 
the microorganisms form clumps and therefore a shield-layer around the colonies.  
Curve type E in figure was often observed by Collins and Selleck (1972). After an 
initial lag a declining rate of inactivation is evident. 
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4 Methods and Materials  
4.1 Summary 
 
The focus of this research is directed to the question: Which compound of the three 
available chlorine producing products sodiumhypochlorite, calciumhyprochlorite or 
sodiumdichloroisocyanurate is the most favourable compound, to produce from a 
„worst case water” (which is due to a definition of the Technical Water Authority of 
Germany (DVGW) the effluent of a waste water treatment plant of a city with ~ 
300.000 inhabitants) a safe, E.coli-free water.  
 
For this reason as „worst case water” the effluent of the waste water plant of the city 
of Karlsruhe, with nearly 300.000 inhabitants, was used for all experiments. The 
experiments were simple batch-stirring-experiments with steel-stirrers and 2-Liter-PE-
beakers. After 1 h, 5 h and 24 h samples were taken and the parameters E.coli Cl2, 
pH, conductivity, redox-Potential, turbidity were determined by own measurements 
and the parameters DOC, AOX, THM’s and SAK by private or public laboratories per 
order. 
 
The principles of all carried out determinations are summarized in this chapter. The 
chlorine determination is explained in detail. 
 
4.2 Determination of chemical and microbial parameters of 
water quality 
4.2.1 Chlorine determination  
4.2.1.1 Definition of types of chlorine 
 
Chlorine appears in different forms as shown in figure 3.1 
 
• Free Chlorine 
• Combined Chlorine 
 
ISO 7393 defines chlorine, as free chlorine, which exists as dissolved, elemental 
chlorine (Cl2), as hypochlorous acid (HOCL) or as hypochlorite ion (OCl-). Combined 
Chlorine is defined as chlorine in the form of inorganic or organic chloramines. The 
sum of free Chlorine and combined Chlorine is defined as total Chlorine. 
4.2.1.2 Colorimetric DPD-method for chlorine determination 
 
This method (ISO 7393-2, 1985) is based on the reaction of oxidizing agents like 
chlorine with N,N-diethyl-1,4-phenylenediamine (DPD) by forming a red dye. The 
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mechanism of this reaction, which occurs at a pH-value between 6.2 and 6.5, is 
shown in Equation 4.1.  
 
N
HH
N
C2H5C2H5
N
HH
N
+ C2H5C2H5
- e
-
(Oxidation)
.
N,N-Diethyl-1,4-phenylene diamine Dye "Wurster Rot"
  
 
In this work test kits from Dr. Lange (LCK310), in which phosphate-buffer and DPD-
reagent are already prepared, were used. With this tests chlorine concentrations of 
0.05 – 2.0 mg Cl2/L can be determined. By using these tests, it was possible to 
determine “Free Chlorine” as well as “Total Chlorine”. The evaluation of the tests was 
carried out with a photometer “LASA 100” from Dr. Lange at a wavelength of 535 nm, 
shown in Figure 4.1. The determination of Total Chlorine occurs after the 
determination of free chlorine by adding a iodide tablet to the solution, because the 
Combined Chlorine also oxidizes iodide to iodine, which then reacts with DPD to a 
more intensive color. 
 
 
Figure 4.1 Photometer LASA 100 (Dr. Lange) 
 
4.2.1.3 Iodometric titration for the chlorine determination 
 
Equation 4.1 
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Another method is the iodometric titration. This method is based on the reaction of 
total chlorine and potassium iodide in acid solution by forming iodine, specified in the 
ISO 7393-3 (1990). 
 
 
 
 
 
ClI Cl2 I2 2+2 +
 
Equation 4.2 
 
The iodine will be titrated with sodium thiosulfate (Na2S2O3). 
According to this method 1 mL 0.1 molar sodium thiosulfate solution correlates to 
3.5453 mg chlorine (Küster Thiel, 1982). 
 
Procedure: 
 
To a known sample-volume of the Cl2-containing water solid potassium iodide and 
also sulfuric acid (H2SO4) is added. In this acid solution the iodide will be oxidized by 
chlorine. The formed iodine is yellow-brown colored and will be reduced to colorless 
iodide by titration with sodium thiosulfate-solution due to Equation 4.3. 
 
II2 S2O3 S4O62+ 2 +
2- 2-
 
Equation 4.3 
 
At the end of the titration, when the colour of the iodine is light yellow as indicator 
starch solution is added, which forms a blue complex with iodine, and the blue 
solution will be titrated to colorless. All colour-alterations are shown in Figure 4.2. 
 
 
 
Figure 4.2 Color-alternations changes during titration (Schreiber, 2007) 
 
The calculation of the chlorine concentration in the water after titration occurs due to 
Equation 4.4: 
  
35453
0
)(1
)(
322
2
∗
∗
=
V
cV
c
OSNa
Cl  Equation 4.4 
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with: :)( 2Clc   concentration of chlorine in mg/L 
 
:1V   consumption of sodium thiosulfate solution in mL 
 :0V   volume of Cl2-containing water in mL 
 :)( 322 OSNac  concentration of sodium thiosulfate solution in mol/L 
4.2.2 Determination of the pH-value 
To measure the pH-value a pH-meter “pH 341i” of WTW (Wissenschaftlich-
Technische Werkstätten GmbH, Weilheim, Germany) connected to a pH-electrode 
“SenTix 81” from WTW was used. 
 
The device was calibrated before the measurement with a buffer solution (Merck, 
Darmstadt, Germany) using a two point calibration at pH 7 and pH 4. The pH-value is 
defined as pH = – log [H+]. It is measured with so called glass electrodes. 
 
4.2.3 Determination of the electric conductivity µ 
 
The electric conductivity was measured with a standard-conductivity cell “TetraCon 
325” in combination with a conductivity meter “Cond 340i”, which are both from 
WTW. 
 
 
The electric conductivity is a measure for the total salt concentration of the water. It 
can be calculated as sum from single-ion conductivities, which are registered for 
each cation and each anion. 
 
Maier and Grohmann (1976) found, that between the specific electric conductivity κ in 
S/m and the ion strength µ of a water in mol/L exists the following empiric Equation 
4.5 (valid for 20 °C). 
 
µ = 

.
 Equation 4.5 
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4.2.4 Determination of the Turbidity 
 
The turbidity was determinated with a turbiditymeter 2100P ISO from HACH. 
 
The determination of the turbidity is based on the measurement of white light, which 
is scattered on the turbidity-causing particles and measured at an angle of 90°. 
 
As standards stable solutions of Formazine are used. Formazine is the reaction 
product of 1 molecule hydrazine H2N – NH2 with 2 molecules formaline 
(formaldehyde) HCHO + H2N – NH2 + OHCH → Formazine. 
 
The Formazine Turbidity Units (FTU) often also are called Nephelometrie Turbidity 
Units (NTU). 
 
4.2.5 Determination of E.coli and Coliform germs  
 
The determination of E.coli bacteriae and coliform germs occurs with an available 
test, called the COLILERT18–Test, which is available by HACH/LANGE. To 100 ml 
water a special reagent (culture medium) is given and shaken for 5 minutes, till all 
powder is dissolved. This solution is filled under sterile conditions in a special Quanti 
Tray plate with 96 small chambers, which can be closed by a Quanti Tray sealer. 
The closed Quanti Tray plate is incubated 18 h in an incubator at 36 °C. After 18 h 
the number of yellow chambers is counted and from a special table the number of 
coliform germs/100 ml is calculated. Then the incubated Quanti Tray plate is watched 
under UV-light and the chambers, which show with UV-light a blue fluorescence, are 
counted. These chambers give the real E.coli count.  
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4.2.6 DOC determination 
 
To determine the Dissolved Organic Carbon (DOC), the sample has to be filtrated 
through 0.45 µm membrane filters. If the sample is not filtrated, the Total Organic 
Carbon (TOC) will be measured. A known volume of the filtrated sample must be 
completely oxidized, to transform all organic compounds into CO2, which is blown out 
by oxygen. Infrared detectors will detect the CO2 amount in the oxygen and the DOC 
concentration can be calculated. There are two methods to oxidize the organic 
carbon to CO2: 
 
• Oxidizing by UV-radiation (185 nm) 
• Oxidizing by thermic combustion (>800 °C) 
 
At the beginning of all experiments, it was observed, that the UV method can not 
oxidize all organic compounds, e.g. NaCl2(NCO)3, therefore the thermic method was 
used for the last experiments. 
 
4.2.7 AOX determination 
 
AOX is a group parameter and means Adsorbable Organic Halogens (X = Cl, Br, J) 
on activated carbon. To determinate the concentration of AOX, the sample of known 
volume is mixed with activated carbon and shaken for a defined time, to adsorb the 
organic halogens on the activated carbon. (Another method is to pump the sample 
with defined flow rate through activated carbon). Then the carbon will be washed with 
sodium nitrate wash solution in order to remove inorganic halogen compounds. The 
wet activated carbon will be burned at about 1000 °C, so that the eliminated X can 
react with water to HX, which will be determined by micro coulometric titration. The 
result for the detected halogens will be declared in µg/L chlorine.  
 
X2 OH2 HX O2+ 2 + 0.5
 
Equation 4.6 
 
 
4.2.8 Determination of Trihalomethanes 
 
To determinate trihalomethanes, the THMs are concentrated from a water sample 
using a technique known as purge and trap. This technique isolates the volatile 
organic compounds (VOCs) from the water. The VOCs are then desorbed into a gas 
chromatograph/mass spectrometer (GC/MS) where they are separated, their identity 
confirmed, and their concentrations determined. 
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5 Experiments 
5.1 Worst case water: origin and quality 
 
Two kinds of experiments were carried out: 
 
 Batch stirring experiments with dosage of chlorine as NaOCl, Ca(OCl)2 and 
NaCl2(CNO)3 tablets with additives  
 Electrochemical experiments in a recirculation system to prepare chlorine 
 
All experiments were carried out with effluent water of the municipal wastewater 
treatment plant of the City of Karlsruhe, Germany. This so called „worst case water” – 
due to a definition of the German Technical Drinking Water Authority (DVGW) – was 
taken in the Waste Water Treatment Plant of the city of Karlsruhe (WWTP, KA) with 
nearly 300.000 inhabitants.  
 
The decision of the DVGW to define a "worst case of water" as test water for 
checking water treatment methods in emergencies is based on the consideration , 
that the test water should have high organic, inorganic and particular loadings- 
essential higher than for the drinking water for the same city. 
Table 5.1 shows such a comparison of different water qualities. 
A scheme of the treatmant process of the waste water treatment plant of the city of 
Karlsruhe is shown in Figure 5.1. 
 
 
 
Figure 5.1 Scheme of the WWTP, KA 
 
In the first step, the Mechanical Treatment, an automatically working screening unit 
removes larger objects like rags, sticks or leaves. The solids removed are washed 
and compacted and then taken to landfill. Behind the screening unit the grit is 
separated in an aerated sand sedimentation plant. Before the so treated waste water 
flows to the first biological treatment plant, which also eliminates the nitrate-ions 
(denitrification) by producing nitrogen (NO3- → N2) the precipitation of phosphate 
(FePO4) by dosage of FeSO4 (Green-Salt) occurs.  
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Figure 5.2 Aerial Photo of the WWTP, KA 
 
The 8 existing round reactors, which can be seen in Figure 5.2 receive also the 
effluent of the eight round nitrification towers, filled with volcanic stones. 
These so called trickling filters with rock packing convert with the aid of special 
aerobic bacteria the ammonium-ions to nitrate ions and also eliminate organic matter 
on the biofilms of the rock packing. 
 
The 8 round basins of the biological step are divided in 4 basins, which are aerated 
with pure oxygen and 4 sedimentation basins. One part of the sludge goes to the 
sludge treatment (combustion at 850 °C), another – smaller part – back to the first 4 
aerated basins. 
 
Fader (2005) published typical dry weather values for input water analyses of the 
Waste Water Treatment Plant of the city of Karlsruhe (WWTP, KA) which are 
summarized in table 5.1. and compared with own sampling results from the effluent 
of the same plant and with tap water of the city of Karlsruhe. 
 
Table 5.1 Biological and physicochemical parameters of the waste water 
treatment plant of the City of Karlsruhe 
 
Type of water wastewater wastewater drinkingwater 
Sampling Fader, 
April 2002 
own sampling own sampling 
Parameter WWTP, KA, 
input 
WWTP, KA 
effluent 
tapwater, 
Karlsruhe 
E.coli / 100 ml > 240.000 6200 0 
Coliform germs /100 ml > 240.000 24.400 0 
pH-Value 7,6 7,7 7,3 
Conductivity 25 °C (µS/cm) 1.155 1.040 760 
DOC (mg/L) 11,5 11,5 0,9 
Turbidity (NTU) 33,0 4,9 0,05 
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Table 5.1 shows, that the places for taking water samples were not identical. Fader 
examined the input of the WWTP, KA without paper-prefiltration. However in this 
work the effluent of the WWTP,KA was tested after a prefiltration through Melitta 
coffee filters 1 x 6. This explains the great differences of all measured microbiological 
parameters and the turbidity, whereas all other measured parameters were nearly 
similar. This comparison shows, that in emergencies with waste water reuse for 
drinking water supply it is allways better, to use the effluent of the WWTP than the 
input.  
 
As experiments could not be carried out simultaneously, they were carried out at 
different times of the year, resulting in different environmental conditions, like 
seasonal variations of raw water quality, temperature and effectiveness of the 
WWTP. Otherwise the comparison of the measurements from Fader, 2002 and 
Maier, H., 2008 shows – even over a period of more than 6 years – a relative equal 
organic and inorganic burden of the effluent water, which can be seen by the sum 
parameters DOC, conductivity and pH-value.  
 
Rainfalls have a very significant influence on the water quality. Therefore it was 
avoided to take samples at rainy days, because the concentrations of the measured 
parameters in the effluent waste water were too low. It could be shown, that the 
DOC-values and conductivities had at rainy days nearly 50 % of their value at dry 
days. All measured parameters in the effluent water are average values of two 
determinations. If they showed deviations of more than 25 %, the measurements 
were repeated.  
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5.2 Batch Experiments 
5.2.1 Dosage of sodium hypochlorite (NaOCl) to waste water effluent 
 
In this experiment, different amounts of sodium hypochlorite were dosed in one liter 
paper-filtrated effluent water of the waste water treatment plant of Karlsruhe. The 
solutions were stirred at 200 rpm with magnetic stir bars. Samples to determine pH-
value, electric conductivity, free and combined chlorine and for bacteriological tests 
were taken after 1 hr, 3 hr’s and 21.5 hr’s. The dosage of NaOCl was 0.1 mmol/L, 
1 mmol/L and 5 mmol/L which means dosed chlorine concentrations of 7 mg/L, 
70 mg/L and 350 mg/L, whereas in one bottle no NaOCl was dosed 
 
5.2.2 Dosage of German chlorine tablets with additives to unbuffered tap 
water 
 
Before the experiments with German chlorine tablets with tablet-additives in the 
“worst case water” clearing experiments with unbuffered tap water were carried out, 
in order to learn something about the influence of such tablet-additives on a clean 
water. The permitted tablet additives are listed in Table 5.2.  
 
Table 5.2 Permitted tablet additives of German chorine-tablets 
 
Permitted Additives 
Sodium carbonate / Sodiumhydrogencarbonate as a buffer system 
Adipic acid and tartaric acid as organic acids for the lemonade tablet character 
Sodium benzoate as preservative 
Polyglycol waxes as binding agent 
Sodium chloride as filler 
 
One chlorine-tablet contains 330 mg waterfree NaCl2(CNO)3 as main component and 
220 mg of the mentioned additives. Therefore one chlorine-tablet has a weight of 550 
mg and produces 210 mg chlorine. The structure of the waterfree 
sodiumdichloroisocyanurate is shown in Figure 5.3.  
 
N
C
N
C
N
C
Na
O
Cl
O
Cl
O
  
Figure 5.3 Constitution of sodiumdichloroisocyanurate (Maier, H., 2008) 
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Thinking about the possible mentioned reactions between chlorine and organic 
substances in chapter 3.2, one must assume that some of the tablet additives may 
react with the chlorine after the dosage of the tablet to the water (one tablet for 10 l 
water) to chloroorganic substances such as AOX-compounds or THM´s. 
 
In order to receive an answer to this theoretical assumption one tablet was dissolved 
in 10 liters of tapwater of the city of Karlsruhe, with an extreme low content of 
dissolved organic substances (DOC-value) and no AOX-or THM-compounds. After 
1 hour the mentioned water quality parameters have been determined (pH-value, 
electric conductivity, chlorine, DOC, AOX and THM´s). All results can be seen in 
table 5.3. During this experiments also shorter sampling times for the chlorine 
determination, the pH-value and the conductivities than 60 min. were examined.  
 
These experiments – results to see in Table 5.3 and Table 5.4 – show, that the 
solution process of the tablets and the granulate is very quick and nearly completed 
after 15 min. 
 
Table 5.3 Dissolving Kinetics of one chlorine tablet in 10 l tapwater of the city of 
Karlsruhe 
 
Sampling 
time 
0 min 5 min 15 min 30 min 60 min 90 min 120 
min 
Cl2 [mg/l] 0 18,0 21,6 21,6 21,4 21,2 21,0 
pH 7,06 7,12 7,15 7,17 7,17 7,19 7,17 
Conductivity 
[µs/cm] 
694 711 714 715 718 717 718 
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Table 5.4 Comparison of Cl2-, DOC-, AOX- and THM-Concentrations before and 
60 min after dissolving of 1,5 mmol sodiumdichloroisocyanurate as 
German chlorine tablet NaCl2 ⋅ (CNO)3 with additives or as waterfree 
granulate NaCl2(CNO)3 without additives or as Dihydrate granulate 
NaCl2(CNO)3 ⋅ 2H2O without additives 
 
Compound 
 
Cl2-
concentration 
[mg/l] 
 
(0 min /  60 min) 
 
DOC-
concentration 
[mg/l] 
 
(0 min /  60 min) 
 
THM-
concentration 
[µg/l] 
 
(0 min / 60 min) 
 
AOX-
concentration 
[µg/l] 
 
(0 min / 60 min) 
Chlorine tablet 
with additives 0 / 21,4 0,9 / 8,9 0 / 5 < 1 / 32 
Waterfree 
compound without 
additives 
0 / 21 0,9 / 5,9 0 / 1 < 1 / 20 
Dihydrate 
compound without 
additives 
0 / 22,0 0,9 / 5,9 0 / 1 < 1 / 18 
 
 
 
5.2.3 Dosage of sodiumdichloroisocyanurate waterfree NaCl2(CNO)3 in 
German chlorine tablets with tablet-additivs to waste water effluent 
 
In this experiment different amounts of NaCl2(CNO)3 in chlorine tablets were solved 
in 2 liters of the paper – prefiltrated waste water effluent. The dosage of the tablets 
was related to 7 mg/l, 70 mg/l and 350 mg/l chlorine. The samples were stirred at 
20°C with magnetic stir bars for 24 hr’s at 200 rpm. After 1 hr, 3 hr’s and 24 hr’s 
samples were taken with a glaspipette to determine the pH-value, the electric 
conductivity, the free and combined chlorine, the DOC, the turbidity and E.coli/100 ml 
and coliforms/100 ml. After 24 hr’s, also THM’s and in some cases AOX were 
determined 
 
It was recognized, that a volume of 1 liter was not enough, especially for the 
determination of THM and AOX. Therefore, the 2 liters of wastewater and steel 
stirrers were used in the following experiments. The advantage of the steel stirrer 
was, that the stirring speed was better to adjust and that they were easy to disinfect 
by storing them in a chlorine solution. 
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5.2.4  Dosage of calcium hypochlorite (Ca(OCl)2) 
 
To achieve knowledge of the effect of calcium hypochlorite on waste water, as 
proposed in the CDP (Merkl, 2000), different amounts of Ca(OCl)2 were dosed in the 
PE-beakers with 2 liters effluent water of the  WWTP, KA. The samples were stirred 
for 2 hr’s at 250 rpm with paddle mixers at 20°C and after 30 min, 60 min and 120 
min pH-value, electric conductivity, free chlorine, DOC and AOX have been 
determined and bacteriological tests were carried out. The dosed concentrations of 
calcium hypochlorite were 0.25 mmol/L, 1 mmol/L and 2 mmol/L which mean a 
dosage of chlorine of 35 mg/L, 140 mg/L and 280 mg/L. Figure 5.4 gives a view on 
the equipment for all carried out experiment. 
 
 
Figure 5.4 Batch experiment with dosage of Ca(OCl)2 in 2 liter PE-beakers and 
  stainless steel paddle mixers. Valid for all stirring experiments in this 
  work 
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5.3 Anodic Oxidation 
 
Another way to dose chlorine is the electrolytic production of chlorine from chloride, 
which can be found in all natural waters and also in the waste water. For this 
experiment, a diamond electrode was used, to produce chlorine according to 
Equation 5.1. 
 
Energy + 2HCl → H2 (cathode) + Cl2 (anode) Equation 5.1 
 
Figure 5.5 shows the principle construction of such a diamond electrode. 
 
 
Figure 5.5 Detail of the Diamond electrode (Pro Aqua, 2010) 
 
In this experiment effluent water was treated in a recirculation system. At 20°C, 2.5 
liters water were circulated with 50 L/hr through the diamond electrode, which was 
connected to a DC power supply with maximum output of 60V and 0,5A. The water 
flow was effected by a glass pump and controlled by a rotameter. Because of the 
formation of hydrogen at the cathode and other oxidizing agents at the anode, air 
was sucked through the reservoir and cleaned in washing bottles, filled with 
potassium iodide solution, to eliminate the oxidizing agents and feed to the flue. 
These washing bottles have also been used to determine the amount of gaseous 
oxidizing agents as equivalent to ozone. The system is shown in Figure 5.6 and 5.7. 
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Figure 5.6 Experimental setup of the recirculation system 
 
 
Figure 5.7 Recirculation system in the laboratory 
 
 
  
  
58 
 
5.4 Dechlorination experiments 
 
During this work and during the mentioned water aid campaign in Sri Lanka after the 
Tsunami it was recognized, that the Common Dosage Process (CDP) of the German 
Army uses high chlorine concentrations (243mg Cl2/L), that the chlorinated water 
shows so high residual chlorine concentrations, that it is not accepted by the affected 
people as drinking water. As explained in chapter 3.3 in some cases expensive 
powdered activated carbon is used, to eliminate the strong and unpleasant chlorine 
taste of the chlorine-treated emergency water. Therefore additional to the powdered 
Filtrasorb 300 batch stirring experiments with different carbon rich materials as 
charcoal, hydroanthrazite, synthetic diamond powder, hard coal and medical coal 
tablets were carried out as kinetic experiments with different amounts of the tested 
materials (25 mg/L,100 mg/L,250mg/L, 500 mg/L) in the high chlorinated (250 mg 
Cl2/L) " worst case water". 
These experiments were carried out together with Doppler (2012) with the same 
equipment, as shown in figure 5.4. 
 
Immediately after each stirring time (0,5 h / 1 h / 3 h / 5 h) the chlorinated water was 
filtrated through a 0,45µ membrane filter and the chlorine content of the filtrated 
water was determined immediately with the DPD method. 
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6. Results 
6.1 Summary 
 
In this chapter all measured values of the five parameters pH-value, conductivity, 
chlorine, E.coli/100 ml and coliforms/100 ml are plotted as kinetic graphs for all 
experiments of the three disinfectants sodiumhypochlorite (NaOCl), sodium-
dichloroisocyanurate as tablets with tablet additives (NaCl2(CNO)3) and 
calciumhypochlorite (Ca(OCl)2) with the paper-prefiltrated wastewater of the 
WWTP,KA.  
 
The five mentioned analysis parameters namely pH, conductivity, chlorine, E.coli 
level and coliform level were selected, because they describe the efficiency of the 
disinfection process (E.coli, coliform germs, chlorine) and the change of the 
waterquality by adding disinfectants, which dissociate by solving in water in the 
cations Na+, Ca2+ and the anion OCl- (Conductivity). 
This dissociation influences the electric conductivity, which is a measure for the ion 
strength or the total salt content of the water.  
Because the disinfectants NaOCl and Ca(OCl)2 are salts of strong basis and a weak 
acid, they influence the pH–value after the dosage of these compounds. The German 
chlorine tablets with additives contain buffer substances, which buffer the pH-value 
nearly to pH 7 in all Cl2-concentration-ranges. 
 
The pH–value gives information, if the water shows an acid neutral or basic reaction. 
The chosen three different levels of the disinfectant–concentration (high medium and 
low) correspond to concentrations of 0.1, 1 and 5 mmol/L chlorine. They represent for 
waste water after experiences of Fader (2005) the lowest possible concentration of 7 
mg/L Cl2 and after the German Legislation (Trinkwasser-Verordnung 2001) the very 
high chlorine-concentration range for the treatment purpose oxidation or disinfection. 
The dechlorination experiments with different carbon rich materials as charcoal, 
hardcoal, medical coal, synthetic diamond powder and  hydroanthrazite were carried 
out, in order to demonstrate, if such high chlorine concentrations can be reduced to 
"drinkable" chlorine concentrations of 26 mg/L (German limit value) 
 
The German Legislation for the application of chlorine tablets gives the instruction to 
wait 30 min after the dosage of one tablet with 250 mg chlorine to 10 l ground - or 
surface-water. Therefore with more polluted "worst case water a reaction time of 1 
hour was chosen for all experiments. The other sampling times were not 
standardized and differ between 30 min, 2 h, 3 h, 5 h. 21 h and 24 h – depending on 
the daily sampling time in the waste water treatment plant. All graphs show linear 
connections from point to point because – as the values demonstrate – it is not to 
expect, that the measured values show strong variations. 
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The availability of a car for sampling in the far distant waste water plant and the lack 
of a second  photometer in the laboratory for the chlorine determination was also 
often a problem and let to unusual sampling times..  
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6.2 Results of the batch experiments 
 
All measured values are listed in the Appendix. The values at T = 0 h mean the 
quality of the unchlorinated water sample.  
 
6.2.1 Results of the batch experiments with NaOCl 
 
 
In this chapter the results of all kinetic studies with NaOCl are plotted and explained. 
Very clear is the effect of dosing a compound with basic character (NaOCl). The 
application of sodium hypochlorite has heightened the pH-value and the electric 
conductivity of the water 
 
 
Figure 6.1 pH-values for different dosages of NaOCl 
 
The measurement points were connected in all graphs by linear straight lines, 
because it was not to expect, that the values in the experimental time without 
measurements showed great deviations.  
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. 
 
Figure 6.2 Electric conductivities for different dosages of NaOCl 
 
For all dosages the electric conductivities were nearly stable for the whole time of the 
experiment as shown in Figure 6.2 
 
 
 
Figure 6.3 Chlorine concentrations for different dosages of NaOCl 
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After an initial chlorine consumption, the chlorine concentration was nearly constant. 
Only in the sample with the highest concentration the chlorine concentration was 
increasing a bit between 3 hr’s and 24 hr’s, as shown in Figure 6.3. 
 
 Equation 3.19 
 
Figure 6.4 E.coli for different dosages of NaOCl 
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Figure 6.5 Coliform germs for different dosages of NaOCl 
 
After 1 hour, no Escherichia coli or coliforme germs were detected in the water, even 
at the smallest dose of NaOCl (7 mg/L chlorine). Noticeable is the increasing number 
of bacteria during the first hour and the decrease between 3 hr’s and 24 hr’s in the 
untreated water (Figure 6.4 and 6.5). 
This effect can be explained by further growth of bacteria in the untreated effluent 
water or by shattering lumps of bacteria into smaller pieces by stirring. 
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6.2.2 Dosage of sodiumdichloroisocyanurate in the German chlorine 
tablets with additives 
 
All results with the dosage of the German chlorine tablets with tablet-additives are 
shown in Figure 6.6 – Figure 6.10. Because there is no difference of the chlorine 
concentration of 7, 70, 140 or 350 mg/l Cl2 – produced by a chlorine tablet or the pure 
compound NaCl2(CNO)3 no further experiments than the experiments with tap water 
from chapter 5.2.2 have been carried out. 
 
Figure 6.6 pH-values for different dosages of NaCl2(CNO)3 as tablets with 
  additives 
 
By dosing sodiumdichloroisocyanurate in German chlorine tablets with additives, the 
pH-values in all samples were lower than in the reference water, because the tablet 
contains CO3=/HCO3- as a buffer system.   
6
6.5
7
7.5
8
8.5
9
0 5 10 15 20 25 30
Time [h]
pH
-
v
al
u
e 0 mg/L Cl2
7 mg/L Cl2
70 mg/L Cl2
350 mg/L Cl2
700 mg/L Cl2
  
66 
 
 
 
 
Figure 6.7 Electric conductivities for different dosages of NaCl2(CNO)3 as tablets
  with additives 
 
The electric conductivities were as higher as higher the dosage of NaCl2(CNO)3 and 
relatively stable during the whole time. 
 
A high chlorine consumption was recognized in the first hour, but then the chlorine 
concentration was nearly stable in the samples with lower concentrations. In the high 
dosed sample with 700 mg/L chlorine, the chlorine concentration was decreasing by 
the time, shown in  
Figure 6.8 
 
The chlorine tablets produce the same amound of chlorine in the water as the 
eqimolar weights of the pure substances sodiumdichloroisocyanurate as waterfree 
compound NaCl2(CNO)3 or as Dihydrate NaCl2(CNO)3 · 2H2O. Although it is not 
allowed in the German emergency water treatment practice to use higher chlorine 
concentrations than 26 mgCl2/l for drinking water, this good disinfectant also was 
tested for waste water with very high Cl2-concentrations up to 700 mgCl2/l in order to 
recognize the limits of its application. The application of 700 mg/l Cl2 means nearby 
3 times higher concentrations than allowed with NaOCl or Ca(OCl)2.  
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 And 
 
 
Figure 6.8 Chlorine concentrations for different dosages of NaCl2(CNO)3 in 
  German chlorine tablets 
 
In the samples with 350 mg/L Cl2-dosage and 700 mg/l Cl2-dosage a high chlorine 
consumption was recognized in the first hour, but then the chlorine concentration was 
nearly stable. The discussion in chapter 7 will show that such high dosages – as 
shown in Table 7.1 do not overclimb the limit-values for the electric conductivities and 
pH-values as for example the dosage of Ca(OCl)2 or NaOCl in equimolar high Cl2-
concentration ranges. Otherwise such high Cl2-concentrations produce high Cl2-rest-
concentrations, so that after the application dechlorination methods are necessary, 
which have been also examined in this work. The real reason for the application of 
such high chlorine-concentration was the Common Dosage Process (CDP) of the 
German Federal Armed Forces, which has higher claims than the normal drinking 
water treatment. The CDP demands, that the chlorine even should destruct war 
gases and ptomains, and chlorine concentrations of more than 240 mgCl2/l (243 
mgCl2/l) are proposed. 
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Figure 6.9 E.coli for different dosages of NaCl2(CNO)3 in German chlorine tablets 
 
 
 
 
Figure 6.10 Coliform germs for different dosages of NaCl2(CNO)3 in German 
  chlorine tablets 
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In all samples with chlorine dosed as NaCl2(CNO)3 in German chlorine tablets with 
additives, no Escherichia coli or coliforms were detectable after 1 hr. Only in the 
sample with the lowest initial chlorine concentration of 7 mg/L 310 MPN/100 mL 
coliform germs have been found after 24 hr’s. Noticeable was the decreasing of the 
bacteria in the reference water with time and the increasing between 1 and 3 hours. 
 
Essential is the result, that in “worst case water” after a reaction time of 1 h with all 
chlorine concentrations neither E.coli nor coliform germs could be detected. It makes 
no sense, to take earlier than 1 h samples, because the German Legislation dictates 
a reaction time of at least 30 minutes because of safety considerations. 
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6.2.3 Results of the experiment with calcium hypochlorite Ca(OCl)2 
 
In the experiment with calcium hypochlorite the pH-values of the samples were 
higher than that of the untreated water. As higher the dosage of Ca(OCl)2 was as 
higher was the pH-value. The pH-value was decreasing by the time, except in the 
sample with the lowest dosage of 35 mg/L chlorine, where an increasing pH-value 
was observed. The explanation for this effect derives from the fact, that Ca(OCl)2 is a 
salt of a strong base and a weak acid. 
 
 
Figure 6.11 pH-values for different dosages of Ca(OCl)2 
 
6
6.5
7
7.5
8
8.5
9
0 20 40 60 80 100 120 140
Time [min]
pH
-
v
al
u
e 0 mg/L Cl2
35 mg/L Cl2
140 mg/L Cl2
280 mg/L Cl2
  
71 
 
 
Figure 6.12 Electric conductivities for different dosages of Ca(OCl)2 
 
The electric conductivities were stable in all kinetic experiments, but of course as 
higher, as higher the dosed amount of calcium hypochlorite. 
 
 
Figure 6.13 Chlorine concentrations for different dosages of Ca(OCl)2 
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As demonstrated in Figure 6.13, the chlorine concentration was decreasing slowly 
after an initial chlorine consumption. In the sample with an initial chlorine 
concentration of 35 mg/L an end-concentration after 120 min of 9 mg/L chlorine was 
observed, which is equal to about 25% of the initial concentration. In the other two 
samples with 140 mg/L and 280 mg/L initial concentration, after 120 min about 80% 
of the initial concentration were found, which means 112 mg/L and 226 mg/L 
chlorine. 
 
 
Figure 6.14 E.coli for different dosages of Ca(OCl)2 
 
The bacteriological tests could not detect any Escherichia coli after 30 min, when the 
first tests were done. 
 
Shorter reaction times were not examined, because the German Legislation dictates 
a reaction time of at least 30 minutes because of safety considerations. 
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Figure 6.15 Coliform germs for different dosages of Ca(OCl)2 
 
Also no coliform germs could be found after a chlorine reaction time of 30 min. 
Because of the mentioned “30 min rule” of the German Legislation no shorter times 
were examined. 
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6.2.4 Results of the batch experiments with chlorine tablets with additives 
in comparison to the Cl2-equimolar chlorine granulate without 
additives as waterfree compound and as Dihydrate in tap water and 
waste water 
 
These experiments have been carried out, because it was assumed, that the German 
chlorine tablets form organic chlorocompounds after dissolving 1 tablet in 10 l water 
by reaction of the produced chlorine with the tablet additives. Additionally these 
experiments were carried out, to learn more about the dissolving kinetics at shorter 
reaction times than 30 min., which were chosen due to the legal instruction.  
All results, which are demonstrated in Table 5.3 and Table 5.4 in chapter 5 show, 
that 5 min of stirring time are too short, 30 min and 60 min. are safe for NaCl2(CNO)3 
or NaCl2(CNO)3*2H2O or the tablets.  
 
The results in Table 5.3 confirm the assumption that the application of 
sodiumdichloroisocyanurate increases the DOC-values, but essential more with the 
German chlorine tablets with additives. In comparison to the äquimolar compounds 
without tablet-additives the DOC-value climbs from 5,9 mg/l to 8,9 mg/l. This is also 
the reason, that with the application of the Germon chlorine tablet with additives more 
THM´s (5 µg/l) and more AOX (32 µg/l) are formed than with the äquimolar additive-
free sodiumdichloroisocyanurate equal if as waterfree compound or as Dihydrate. 
This is one of the very important findings of this work. 
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6.3 Results of the Anodic Oxidation Experiment with a Pro Aqua 
Diamond Electrode 
 
In the experiment with the diamond electrode, a decrease of the pH-value from 8.24 
to 8.04 and of the electric conductivity from 1053 to 838 µS/cm was observed, to see 
in Figure .6.16 
 
 
Figure 6.16 Change of pH-values and electric conductivities during anodic oxidation 
 
During the treatment with the diamond electrode chlorine was produced. After 100 
min, a chlorine concentration of 23.3 mg/L was measured. The total oxidation power 
of this system, including ozone O3 (1.272 mg/L), hydrogen peroxide H2O2 (6.5 mg/L) 
and ●OH radicals, over 100 min was equal to a chlorine concentration of 82.5 mg/L, 
illustrated in Figure 6.17. The total oxidation power can be measured, when 
potassium iodide is added to the wastewater before electrolysis. 
 
 
Figure 6.17 Chlorine concentration and total oxidation power of anodic oxidation 
 
 
 
From Figure 6.18 it is to see, that after a treatment of 100 min no Escherichia coli or 
coliform germs could be found in the water, in which 2807 MPN/100 mL for E.coli and 
15600 MPN/100 ml for coliform germs have been measured before treatment. 
 
7.9
7.95
8
8.05
8.1
8.15
8.2
8.25
8.3
0 100
Time [min]
pH
-
v
a
lu
e
0
200
400
600
800
1000
1200
0 100
Time [min]
El
e
ct
ric
 
co
n
du
ct
iv
ity
 
[µS
/c
m
]
0
23.3
0
10
20
30
40
50
60
70
80
90
0 100
Time [min]
To
ta
l c
hl
o
rin
e
 
[m
g/
L]
0
82.5
0
10
20
30
40
50
60
70
80
90
0 100
Time [min]
To
ta
l o
x
id
at
io
n
 
po
w
er
 
as
 
c
hl
o
rin
e
 
[m
g/
L]
  
76 
 
 
Figure 6.18 E.coli and coliform germs before and after anodic oxidation 
 
In addition, the number of heterotrophic bacteria at 36 °C was reduced from 76970 
MPN/mL to <1.8 MPN/mL and of Enterococci from 2120 MPN/100mL to  
<1 MPN/100mL.  
 
The turbidity was increasing from 0.32 NTU at the beginning to 1.18 NTU after 100 
min, the DOC concentration was reduced from 8.2 mg/L to 7.6 mg/L, both shown in 
Figure  6.19. 
 
 
Figure 6.19 Turbidity and DOC concentration of anodic oxidation 
 
The low initial concentrations of ammonium and nitrite have been removed. A low 
reduction of the concentrations of iron, sodium sulfate, nitrate and PAH’s otherwise a 
remarkable decrease of the chloride concentration from 102 mg/L to 56 mg/L could 
be observed. Noticeable is the increase of the bromide concentration from <1 to 11 
mg/L and of the concentration of AOX and the lightly volatile halogenated 
hydrocarbons from 42 to 773 µg/L and 0 to 140.7 µg/L. 
The increase of the turbidity can be explained with the precipitation of CaCO3 and the 
DOC-decrease with an oxidation of special dissolved organic substances to CO2 
(radical mechanism).  
0
0
500
1000
1500
2000
2500
3000
0 100
Time [min]
Es
c
he
ric
hi
a 
co
li 
[M
PN
/1
00
m
L]
0
0
2000
4000
6000
8000
10000
12000
14000
16000
18000
0 100
Time [min]
Co
lif
o
rm
e
 
G
e
rm
s 
[M
PN
/1
00
m
L]
0
0.2
0.4
0.6
0.8
1
1.2
1.4
0 100
Time [min]
Tu
rb
id
ity
 
[N
TU
]
7.3
7.4
7.5
7.6
7.7
7.8
7.9
8
8.1
8.2
8.3
0 100
Time [min]
D
O
C 
[m
g/
L]
  
77 
 
6.4 Results of the dechlorination experiments 
 
 
Figure 6.20 Dechlorination of chlorinated wastewater with activated carbon.  
 Kinetic stirring experiments due to Doppler (2012) 
 
 
 
Figure 6.21 Dechlorination of chlorinated wastewater with wooden charcoal from a 
german supermarket. Kinetic, strirring experiment due to Doppler (2012) 
 
Figure 6.20 and 6.21 allow a comparison of the dechlorination capability of activated 
carbon and charcoal for different coal/water ratios and an initial chlorine 
concentration of 250 mg/L. It could be shown, that the inexpensive and on the whole 
world available charcoal is a good substitute for the expensive activated carbon. 
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7. Discussion  
7.1 Preface 
 
The German emergency water treatment process (Common dosage Process CDP) 
(Merkl, 2000), developed by the German Federal Armed Forces for emergency water 
treatment, instructs a very high chlorine dosage of 243 mg/L for disinfection and 
oxidation as first step of treatment of contaminated water. Such high concentrations 
are generally not necessary for the disinfection of a municipal wastewater, which 
means the worst case as a raw water for drinking water purification after natural 
disasters. For this purpose concentrations of minimum 33 mg/L and maximum 40 
mg/L sodiumdichloroisocyanurate is adequate, according to the German Drinking 
Water Ordinance for water treatment in special cases [TRINKWV2001], which is equal 
to 21.4 mg/L and 25.9 mg/L chlorine. For simultaneous disinfection and oxidation, the 
German Drinking Water Ordinance (TrinkwV, 2001) permits the dosage of sodium-, 
calcium- and magnesium hypochlorite. For the required chlorine concentration of 
minimum 100 mg/L and maximum 200 mg/L chlorine, dosage of minimum 105 mg/L 
sodium hypochlorite, 403 mg/L calcium hypochlorite and 359 mg/L magnesium 
hypochlorite and a dosage of maximum 210 mg/L sodium hypochlorite, 806 mg/L 
calcium hypochlorite and 718 mg/L magnesium hypochlorite is necessary.  
 
In this regard it becomes apparent, that for the purpose of oxidation in comparison to 
disinfection an about 10 times higher chlorine concentration is permitted. With these 
high dosages known chemical warfare agents shall also be disarmed through 
oxidation, according to VOBIS (Vobis, 2008). Such investigations were not topic of 
this work. 
The “CDP” instructs a reaction time for chlorine with the contaminated water of 
merely 60 min. For disinfecting water with chlorine tablets based on 
sodium dichloro isocyanurate a reaction time of only 30 min is necessary, according 
the instructions for use, edited by the Federal Office for Civil Protection and Disaster 
Management (“Bundesamt für Bevölkerungsschutz und Katastrophenhilfe”). 
To get a better comparison of the affect of the permitted disinfecting agents and 
disinfecting- and oxidizing agents, only the results after a reaction time of 60 min of 
this agents with wastewater were used in this discussion. 
In the case of the electrolytic produced chlorine the reaction time was 100 min 
instead of 60 min, because this investigation was an industrial order with prescribed 
conditions. 
All results of these investigations can be found in the tables in the Appendix. The 
discussed results after a reaction time of 60 min (and 100 min for the electrolytic 
investigation) are also arranged in the following Table 7.1. 
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Table 7.1 Effect of different disinfectants on treated wastewater, effluent of the 
  city of Karlsruhe 
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7.2 Discussion of the different parameters 
7.2.1 Variability of the wastewater quality 
 
It is to remark, that the quality of the effluent water of the wastewater treatment plant 
of Karlsruhe varies, as expected. This gets apparent by observing the global 
parameters electric conductivity and DOC and the microbiological parameters. The 
electric conductivity varies from 780 to 1053 µS/cm at 25 °C. The variation of the 
DOC is between 8.2 and 13.4 mg/L and of the coliform germs between 15600 and 
24400 MPN/100mL. The results and conclusions of these investigations are not 
universally valid and only for these investigations usable, because the reaction of 
chlorine and the kinetics are  affected by the concentrations and kind of the dissolved 
substances in the wastewater. 
 
7.2.2 Availability of the measurement instruments 
 
The proposed parameters could not be measured in all investigations, in part caused 
by technical reasons or financial reasons. In the Stadtwerke Karlsruhe laboratory, 
there was neither a gas chromatograph to determine trihalomethanes nor the 
technical equipment to determine AOX available. To borrow a turbimeter and a redox 
electrode from the Technologiezentrum Wasser was only in such cases possible, 
when they were not in use. According to data of the Technologiezentrum Wasser 
(TZW, 2004), the determination of AOX costs 80 € per sample, of THM 75 € per 
sample, of redox 20 € per sample and of turbidity 15 € per sample. It can be 
understood, that it was not possible to determine all desired parameters in all 
investigations. Therefore, the high cost parameters THM and AOX could not be 
analyzed in all series. 
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7.2.3 Discussion of the pH-values 
7.2.3.1 Basics 
 
By dosing the alkaline reacting salts sodium hypochlorite and calcium hypochlorite, 
an increase of the pH-value was expected by increasing the concentration. The 
sodium and calcium salts of hypochlorous acid (HOCl) are salts of strong bases and 
a weak acid, dissociated as follows in Equation 7.1. 
 
HOCl                  H+ + OCl- Equation 7.1  
 
 Dissociation constant   K = [ ] [ ][ ]HOCl
OClH −+ ⋅
 = 110-8 at 25 °C 
 
The numerical value of the dissociation constant represents the strength of an 
electrolyte. Acids (bases) with a dissociation constant K < 10-4 (e.g. HOCL: k=10-8) 
are named “weak acids (bases)”, with K > 10-4 they are named “moderate acids 
(bases)”. As “strong acids (bases)” they are named, if they are nearly complete 
dissociated. By hydrolysis of sodium hypochlorite or calcium hypochlorite, a basic 
reaction occurs, demonstrated in Equation 7.2, Equation 7.3 and Equation 7.4 for. 
 
HOH               H+ + OH- Equation 7.2  
H+ + OCl-                  HOCl Equation 7.3 
 
HOH + OCl-               HOCl + OH- Equation 7.4  
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 7.2.3.2 Discussion of the measured pH-values 
 
Figure 7.1 illustrates the increase of the pH-values under increasing dosage of 
 these basic reacting salts. 
 
 
 
Figure 7.1 Dosage/pH for NaOCl 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.2 Dosage/pH for Ca(OCl)2 
 
At the first view not to understand are the results of the pH-measurement after 1 hour 
reaction time of different dosages of sodiumdichloroisocyanurate based chlorine 
tablets, which were handed out by the Bundesamt für Bevölkerungsschutz und 
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Katastrophenhilfe BBK (Federal Office for civil protection and disaster management) 
(see Figure 7.3). 
 
 
 
Figure 7.3 Dosage/pH for NaCl2(CNO)3 (Tablets) 
 
First the pH-value of the water decreases up to a dosage of NaCl2(NCO)3 of 0.5 
mmol/L from pH 7.72 to pH 6.86. Then the pH-value was nearly constant between 
6.86 and 6.94, even though the dosage of NaCl2(NCO)3 was increased from 0.5 
mmol/L up to 5 mmol/L. Additives in the tablets, which are set by the German 
Drinking Water Ordinance (TrinkwV, 2001), cause this.  
 
As mentioned, the chlorine tablets contain sodium carbonate and sodium hydrogen 
carbonate as additives. According to Küster and Thiel (KüsterThiel, 1982), the 
system sodium carbonate (Na2CO3) / sodium hydrogen carbonate (NaHCO3) is a so-
called buffer mixture. Buffer mixtures are mixtures of substances in aqueous 
solutions, whose pH-value does nearly not change, if acids or bases were added. If 
mixtures of these both anions, hydrogen carbonate (HCO3-) and carbonate (CO32-), 
are equimolar, the hydrogen carbonate (HCO3-) reacts as a weak acid HA, which is at 
equilibrium with her anion A- (means the carbonate ion CO32-). Figure 7.4 
demonstrates generally for such buffer solutions the relation between the 
composition of these buffer solutions in MOL-% and the resultant pH-value. 
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Figure 7.4 Buffer solutions  Mol% / pH 
 
This general graph looks equal for all weak acids, it is only located more left for 
dissociation constants K>10-5 and more right for K<10-5. 
In this Figure, the concentration of the hydrogen ions ( +Hc ) is also plotted as pH-
value ( ( )+−= HcpH log . Analog the dissociation constant K of acids or bases can be 
written as pK-value: ( )KpK log−= . 
The following table 7.3, extracted from Küster and Thiel (KüsterThiel, 1982), lists 
some pK-values for acids (pKS) and bases (pKB) for concentrations between 0.01 
mol/L and 0.1 mol/L. The pHs-values for H2CO3 and HCO3- are between 6,3 and 
10,3, so that the pH-range of the buffer system HCO3-/CO32- lies between 6 and 7. 
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Table 7.2 Dissociation constants of acids and bases  
Dissociation constant of acids in 
aqueous solutions 
Dissociation constants of bases in 
aqueous solutions 
Monobasic acids °C K pKS  °C K pKB 
HNO3 20 2.0*101 -1.3 Ca(OH)2 second step 30 4*10-2 1.4 
HSO4- 18 1.2*10-2 1.92 NH4OH 25 1.79*10-5 4.75 
HNO2 25 4.6*10-4 3.29 AgOH 25 1.1*10-4 3.96 
HF 25 3.53*10-4 3.45     
HCOOH 20 1.77*10-4 3.75     
CH3COOH 25 1.76*10-5 4.75     
HClO 18 2.95*10-8 7.53     
HBrO 25 2.06*10-9 8.69     
HCN 25 4.93*10-10 9.31     
HJO 25 2.3*10-11 10.64     
H2O2 25 2.4*10-12 11.62     
Bibasic acids        
H2SO3         first step 18 1.54*10-2 1.81     
(HSO3-)  second step 18 1.02*10-7 6.91     
H2CO3         first step 25 4.3*10-7 6.37     
(HCO3-) second step 25 5.61*10-11 10.25     
H2S             first step 18 9.1*10-8 7.04     
(HS-)      second step 18 1.1*10-12 11.96     
Tribasic acids        
H3AsO4       first step 18 5.62*10-3 2.25     
second step 18 1.70*10-7 6.77     
third step 18 3.95*10-12 11.60     
H3PO4         first step 25 7.52*10-3 2.12     
second step 25 6.23*10-8 7.21     
third step 18 3.5*10-13 12.67     
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For calculations from pKS to pKB the equation: pKS + pKB = 14 can be used. 
 
As mentioned from Küster and Thiel (1982), the pH-value can be approximated from 
the pKs-values and the pKB-values of weak and incompletely dissociated acids or 
bases, as follows: 
 weak acid: ( )cpKpH S lg2
1
−=
 
 weak base: )lg(
2
114 cpKpH B −−=  
 
These theoretical reflection shows, that the additives of the chlorine tablets,which 
have been  used in Sri Lanka, form a hydrogen carbonate / carbonate buffer system. 
Further more it is to assume, that the wastewater itself is strong buffered. Municipal 
wastewater contains probably so-called phosphate buffers, which are buffering the 
water as KH2PO4 / Na2HPO4 –system in the pH-range between 5.0 and 8.0, derived 
from Küster and Thiel (1982). By reason of the constant pH-range between 6.86 and 
6.94 for dosages of NaCl2(NCO)3 of 0.5 to 5 mmol/L, to see in Figure 7.3, this 
assumption seems to be right. 
For better understanding this conclusion, the reaction of sodium dichloroisocyanurate 
with water has to be known. Schreiber (2007) described detailed the reaction of 
NaCl2(CNO)3 with water and the analysis of chlorine for the use of this compound. 1 
Mol NaCl2(CNO)3 reacts with 2 Mol water to 2 Mol HOCl and 1 Mol of the sodium salt 
of the isocyanuric acid, as shown in Equation 7.5. 
N
C
N
C
N
C
O
Cl
O
Na
O
Cl
OH2 HOCl
N
C
N
C
N
C
O
H
O
Na
O
H
+ 2 2 +
    
Corresponding to Equation 3.1 a chlorine concentration of 2 mmol/L, which is 
equivalent to 140 mg/L chlorine, must be reached by dosing 1 mmol NaCl2(NCO)3 in 
1 liter water. Maier (2008) could verify in his investigations of chlorine attrition by 
dissolving NaCl2(NCO)3 in distilled water, that a dosage of 1 mmol/L anhydrous 
NaCl2(NCO)3 results in a chlorine concentration of 137.4 mg/L. This value is a little 
lower then the calculated value of 140 mg/L -caused by immediate chlorine attrition-. 
 
Finally, the change in the pH-value in the experiment with anodic chlorine production 
is to discuss. In this experiment, the pH-value decreases from 8.24 to 8.04 after a 
reaction time of 100 min. The pH-decrease is explained by equation 3.1 (Formation 
of HCl!) Maybe there are also other electrolytic processes responsible for the change 
of the pH-value, which counteract the pH-decrease, caused by HCl production. 
 
Equation 7.5 
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The allowed pH value range for drinking water, set by the German Drinking Water 
Ordinance (2001), ranges from 6.5 to 9.5. The NATO-STANAG GUIDELINES (2008) 
set this range between 5 and 9. From Figure 7.1 till Figure 7.3 it is to see, that only 
more than 4.5 mmol NaOCl per liter water (225 mg/L chlorine) overclimb the limit pH 
value of 9.5. 
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7.2.4 Discussion of the values of the electric conductivity 
7.2.4.1 Basics 
 
The electric conductivity of a ground water, of a surface water or –like in this case- of 
a wastewater is caused by the number of the cations and anions in the solution. 
Therefore the concentration and the degree of dissociation α of the compound KA, 
which dissociate in aqueous solution to cations K+ and anions A- after following 
Equation 7.6, is directly proportional to the electric conductivity. 
 
 
KA K
+ A+
 
 
Furthermore the electric conductivity is caused by the number of the elementary 
charge, transported by each ion, (ionic charge number) and by the mobility of the 
ions in an electric field. As found in Holleman-Wiberg (1964), the compound KA, 
either organic (e.g. sodium acetate) or inorganic (e.g. sodium chloride), can be split 
into ions (K+ and A-) nearly complete, only partly or nearly not. This means the 
equilibration can be more on the left side or on the right side. Therefore, strong 
electrolytes, moderate electrolytes and weak electrolytes must be distinguished.  
The equilibration constant Kc for this reaction is called dissociation constant, which is, 
by using the law of mass action, a measure of the strength of an electrolyte. 
 
 
[ ] [ ]
[ ]KA
AKK c
−+
⋅
=
 
Acids (or bases) with Kc < 10-4 are called weak acids (bases). For Kc > 10-4, they are 
called moderate acids (bases), but if they are nearly complete dissociated, they are 
called strong acids (bases). 
The degree of dissociation α, named above, can also be used for the classification of 
the strength of acids or bases. This means that acids or bases in 1 molar solution 
([KA]=1), which are dissociated less than 1% (α<0.01), are weak acids or bases. If 
they are dissociated more than 1% (α>0.01), they are moderate acids (bases), and if 
they are nearly 100% dissociated (α=1), they are strong acids (bases). The “Ostwald 
dilution law” combines the degree of dissociation α and the dissotiation constant Kc 
as follows: 
  
Equation 7.6 
Equation 7.7 
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VK c ⋅=
−α
α
1
2
 
 
 V: Volume in liters, in which 1 mol of the electrolyte is dissolved 
 
For the determination of the degree of dissociation α it is necessary to measure the 
conductivity. According to Maier and Grohmann (1977), the specific electric 
conductivity χ  of natural waters is depending on the ion strength μ as follows in 
Equation 7.9 
 
   µχ ⋅= 45,5   
 
To understand this equation it is to know, that, for the conduction of electric current in 
a salt-solution, the resistance R between two electrodes with a distance l and a 
electrode surface F is defined as shown in Equation 7.10, analog to the definition of 
the resistant R for metallic conductors. 
 
  
F
lR ⋅= ρ
   in Ω 
 
ρ is the specific resistant of the electrolyte. The reciprocal value of ρ is defined as 
specific conductivity χ . 
 
  
F
l
R
⋅==
11
ρ
χ    in Ω-1*m-1 
By using the unit “Siemens” 
Ω
=
1S , the unit for the specific conductivity is S/m 
(1 S/m = 104 µS/cm). According to Sontheimer et al (1980), the equivalent conduction 
Λ can be calculated, as shown in Equation 7.12, if the molar concentration of the 
electrolyte C and the electro chemical valency ZE is known. 
 
  
EZC ⋅
=Λ χ
   in  mol
mS 2⋅
 
This equation is valid for ZE = n+ * z+ = n- * z-. This means a salt molecule, which is 
splitted into n+ cations and n- anions with the number of charges z+ and z- (e.g. 
MgCl2: n+ = 1; z+ = 2; n- = 2; z- = 1; → ZE = 2). 
 
 
 
Equation 7.8 
Equation 7.9 
Equation 7.11 
Equation 7.10 
Equation 7.12 
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The ion strength μ is defined as the half of the sum of the products of each ion 
concentration c(i) with the squared charge numbers of each ion z2(i). 
  
∑ ⋅= )()(2
1 2 izicµ
 
[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ][ ]11141144
2
1
33
2
4
22
⋅+⋅+⋅+⋅+⋅+⋅+⋅+⋅= −−−−++++ HCONOClSOKNaMgCa
 
 
By using    µχ ⋅= 45,5  from Maier and Grohmann (1977), the 
specific conductivity χ  can be calculated from the ionic substances of the water. 
  
Equation 7.13 
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7.2.4.2 Discussion of the measured conductivity-values 
 
The basic interrelations, subsumed in chapter 7.2.4.1, must be known to explain the 
influence of the dosage of NaOCl, Ca(OCl)2 and NaCl2(NCO)3 to the electric 
conductivities of the effluent water of the wastewater treatment plant Karlsruhe, to 
see in Figure 7.5. 
 
 
Figure 7.5 Concentration/electric conductivity 
 
The German Drinking Water Ordinance (TrinkwV, 2001) limited the maximum value 
of the electric conductivity at 2500 µS/cm in drinking water after treatment. Not to 
understand is the very low limit value of 1500 µS/cm, set by the NATO-STANAG-
GUIDELINES (NATO, 2008) for short-term use. Normally higher limit values must be 
assumed for water, which is only allowed for short-term use < 7 days, than for 
drinking water, for which the limit values are defined to drink the whole life. 
From Figure 7.5 it is to see, that the equimolar dosage of NaOCl, compared with 
Ca(OCl)2 and NaCl2(CNO)3 increases the electric conductivity most, because with 
each dosed Mol OCl- one Mol Na+ is added, which also increases the electric 
conductivity. By dosing Ca(OCl)2 only a half Mol Ca2+ is added per Mol OCl- and by 
dosing NaCl2(CNO)3 only a half Mol Na+ is added per Mol OCl-, as visible in Equation 
7.5. 
Figure 7.5 demonstrates, that for emergency water treatment with NaOCl only 
smaller chlorine concentrations can be reached then by using Ca(OCl)2 or 
NaCl2(CNO)3, because the limit value of 2500 µS/cm for the electric conductivity will 
be broken with lower dosages of NaOCl. Additionally the transport of aqueous 
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solutions of NaOCl is more difficult than the transport of the solids Ca(OCl)2 and 
NaCl2(CNO)3 and otherwise disadvantages in relation to the resulting pH-valuesmust 
be considered. 
Such influences might cause problems the more, as higher the electric conductivity of 
the raw water, used for the treatment. In this case, the values of the electric 
conductivity of the wastewater of Karlsruhe range between 780 and 1053 µS/cm at 
25 °C, depending on the day of the week. 
 
7.2.5 Discussion of the DOC-values 
 
It is known from many investigations (Maier, 1981), that the application of chlorine or 
hypochlorite solutions as oxidants do not diminish the DOC concentrations. This is 
demonstrated in Table 7.6, where the measured DOC values for the dosage of 
Ca(OCl)2 after a reaction time of 1 hour are listed. Instead of decreasing DOC values 
an increase of the DOC values is to observe. This is caused by the properties of 
chlorine (same for ozone), which can partially convert particular substances into 
water-soluble substances, as Maier, D. (1981_1) reported.  
 
Figure 7.6 Influence of different concentrations of Ca(OCl)2 to the DOC values 
  after a reaction time of 1 hour 
 
Figure 7.6 demonstrates, that the part of the DOC, which is formed by chlorination, is 
less than 10% of the DOC value of the wastewater. 
 
The DOC values in Table 7.1 for different dosages of sodiumdichloroisocyanurate 
are wrong. The laboratory “DOC-Huber, Karlsruhe”, which measured these values 
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with the UV-method, described in chapter 4.2.6, that the compound NaCl2(CNO)3 
counts to the extreme difficult oxidizable compounds, which can be only determined 
quantitative by using the thermic-method, existing in the laboratory “Dr. Vogt, 
Karlsruhe”. 
To verify this, a 0.15 molar model solution with RO water and NaCl2(CNO)3 was 
measured in the laboratories “DOC-Huber” and “Dr. Vogt”. The results of the 
determination of dissolved organic carbon (DOC) are shown in Table 7.3  
 
Table 7.3 Results of the DOC determination of an aqueous 0.15 molar 
NaCl2(CNO)3 solution with different methods 
 
DOC concentration 
calculated 
mg/L 
DOC concentration 
thermic method 
mg/L 
DOC concentration 
UV method 
mg/L 
5.4 5.46 1.35 
 
This result was not known before and is one of the important results of this work. 
 
The little decrease of the DOC value from 8.2 mg/L to 7.6 mg/L  (Table 7.1) by using 
the anodic oxidation is caused by the formation of •OH radicals at the anode and 
other reactive oxygen species (ROS). This case, means the presence of for example 
ozone and hydrogen peroxide at the same time. These conditions, are called 
“Advanced Oxidation Process”, which reacts after the following Equation7.14 
(Schreiber, 2008) and (Eggers, 2007). 
                   
O3 H2O2 HO O22 + 2
.
+ 3
 
 
•OH radicals are counted to the most reactive oxidizing agents. However, the result 
for the DOC decrease is disappointing. This could be caused by the presence of •OH 
radical catchers (scavengers) in the wastewater. Hoigné (1985) reports in his often 
cited article for the ozonation of water about the influence of carbonate ions and 
hydrogen carbonate ions as scavengers, which are oxidized by reactive •OH radicals 
to less reactive CO3- • radicals or HCO3• radicals. Therefore the presence of hydrogen 
carbonate ions and their reaction with anodic produced •OH radicals could be the 
reason for the weak decrease of the DOC concentration in this experiment. 
 
 
 
 
  
Equation 7.14 
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7.2.6 Discussion of the chlorine attrition 
 
From basic investigations of Bernhardt et al. (1978) and Maier (1981_1) it is known, 
that the chlorine attrition is depending on the following parameters: 
• Temperature 
• pH-value 
• Concentration and constitution of the dissolved organic and 
inorganic substances (also NH4+) 
• Concentration of chlorine 
• Concentration of organic and inorganic particles (e.g. Fe(OH)3 or 
MnO2 as catalysts for the chlorine decomposition) 
• Relation of volume and surface of the vessel 
• Material of the vessel 
• Microbiological colonization of the vessel 
 
Some of these factors, for example the reaction of chlorine with organic substances 
and formation of trihalomethanes, the formation of AOX, the “breakpoint chlorination” 
and others are detailed described in chapter 3. Therefore in this chapter only the 
results for a chlorine attrition time of 1 hour are discussed, even if the attrition time 
was up to 24 hours. 
The graphs for these chlorine attritions are to extract from Figure 6.4 for the 
compound NaOCl, from Figure 6.8 for the compound NaCl2(CNO)3, from Figure 6.13  
for the compound Ca(OCl)2 and from Figure 6.17 for the anodic oxidation. 
By calculating the values for the part of the consumed free chlorine after 1 hour for 
the three disinfecting agents NaOCl, NaCl2(CNO)3 and Ca(OCl)2, the values for the 
chlorine attrition are listed in table 7.4. 
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Table 7.4 Chlorine attrition for different concentrations of disinfecting agents 
 
Disinfecting agent 
Dosage of 
Cl2 at t = 0h 
[mg/L] 
∆ Cl2 free 
at t=1h 
[mg/L] 
Formation of 
combined Cl2 
[mg/L] 
NaOCl 
7 5.5 2.7 
70 41.5 8.0 
350 32.5 15.0 
NaCl2(NCO)3 
7 5.6 2.8 
70 61.4 2.6 
350 92.0 5.0 
700 105 5.0 
Ca(OCl)2 
35 25.1 n.d. 
140 22.0 n.d. 
243 70 n.d. 
280 49 n.d. 
n.d. = not detected 
By plotting these values into a semi logarithmic system, a nearly linear slope will be 
get for the three hypochlorite donators. 
 
 
Figure 7.7 Correlation between chlorine dosage and chlorine attrition after  
  1 hour 
 
This straight line for NaCl2(CNO)3 (red points) has the following equation: 
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a = is the slope and b = ordinate intercept 
b is the amount of chlorine, which is needed for the prompt chlorine attrition. 
 
This until yet in the literature unknown equation for the sodiumdichloroisocyanurate-
waterfree or as Dihydrate has to be verified and upgraded, inclusive correction 
factors for other influences like pH-value, DOC, temperature and NH4+ concentration, 
in other detailed investigations. This result seems to be probable, because this 
correlation can be observed, even if only less experiments were done with 4 different 
wastewater samples. Table 7.5 also shows the amount of the combined chlorine, 
formed after 1 hour reaction of the compounds NaOCl and NaCl2(NCO)3 with 
wastewater. Caused by the dependence of these reactions on the concentrations of 
ammonium and organic amino compounds, which were not known in this 
investigations, and the changing concentrations of these compounds (see Equation 
3.6 till Equation 3.9), it can only be deducted by these values, that the part of 
combined chlorine increases by wastewater disinfection with increasing dosage of 
chlorine. In this context, the Cl2-attrition values with NaOCl are higher than with the 
compound NaCl2(NCO)3. 
This result can be better understood with Equation 7.16, cited from Schreiber ( 2007), 
which shows, that -by using NaCl2(NCO)3- the sodium salt of the isocyanuric acid will 
be formed. The part of chlorine, which is not be consumed, forms 
sodium dichloroisocyanurate again, to reach equilibrium. 
 
 
 
According to Schreiber (Schreiber, 2007), the tautomere equilibrium is also to 
consider. 
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These equations explain, that always free and combined chlorine can be measured, 
if sodiumdichloroisocyanurate is dissolved in double distilled RO-water. 
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Equation 7.17 
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7.2.7 Discussion of the by-products Trihalomethanes and AOX 
 
As mentioned before, it was not possible to measure the AOX concentration and the 
concentration of trihalomethanes in all experiments. Because of the disadvantages of 
NaOCl for emergency water treatment (difficulties in transport of liquids and over-
climbing the limit values for electric conductivity and pH value), the collaborative 
supervisor decided, to determine the expensive AOX concentrations for the dosage 
of Ca(OCl)2 and the trihalomethane concentration for the experiments with 
NaCl2(CNO)3. In the case of anodic oxidation, both parameters (AOX and 
trihalomethanes) were determined. As to see in Table 7.1, the AOX concentration 
increases with increasing dosage of chlorine in the experiments with Ca(OCl)2. To 
stop the reaction of the AOX-formation after one hour, a sufficient amount of sodium 
thiosulfate (Na2S2O3) was added to the sample, to destroy the chlorine.  
Figure 7.8 demonstrates the influence of the chlorine concentration for Ca(OCl)2, 
proposed by the EDP, and for NaCl2(CNO)3 on the formation of AOX and 
trihalomethanes. 
 
 
Figure 7.8 AOX and THM formation  
 
It is apparent, that the formation of AOX in the wastewater increases with increasing 
dosage, but it is going to an equilibrium value. In Figure 7.8 the AOX concentrations 
after 2 hours reaction time are also shown. By comparison of these two plots it is to 
see, that the main part of the formation of the AOX compounds is already formed 
after one hour and the values for the second hour are only less increasing. 
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The AOX concentration after 100 minutes electrolyses, where oxidizing agents of 
only 82.5 mg/L chlorine equivalent are reacting with the wastewater, is also shown in 
Figure. Though only a end concentration of 20.5 mg/L chlorine free and 23.3 mg/L 
chlorine total could be detected in the wastewater after 100 min, the AOX 
concentration was about 3 times higher compared with the dosage of 82.5 mg/L 
chlorine by using Ca(OCl)2.  
Figure 7.8 also shows the THM formation after 24 hours reaction time of the 
wastewater with NaCl2(CNO)3, dependent on the start concentration of chlorine. As 
seen at the AOX compounds, the THM formation is also going to an equilibrium 
concentration. It is to remark, that the end THM concentration after 24 hours is about 
37% of the end concentration of AOX. 
Such compounds are in the Karlsruhe wastewater effluent, which is the “worst case”-
raw water for water supply in emergencies (following the EDP), only in small 
concentrations detectable (AOX 32-42 µg/L, THM 0.1µg/L). 
In every case it must be checked in combined treatment steps of the EDP, like 
chlorination/flocculation or chlorination/activated carbon, if these unwanted by-
products of the chlorination can be removed from the water again by the second or 
third purification step. 
 
7.2.8 Discussion of the bacteriological results, of the redox potentials and 
of the turbidities 
 
As mentioned, the redox potential was only measured in the experiments with 
Ca(OCl)2, which is the proposed disinfecting and oxidizing agent of the EDP. The 
redox potential was increasing from +254 mV in the not chlorinated wastewater to 
+794 mV after dosage of 243mg/L chlorine and to +799 mV after dosage of 280 mg/L 
chlorine. By dosing only 35 mg/L chlorine as Ca(OCl)2, the redox potential reaches a 
value of only +499 mV. 
 
All tested disinfecting and oxidizing agents were able to decrease the Most Probable 
Number (MPN) of E.coli , coliform germs (and the colony count at 36°C) to 0 
MPN/100mL (0 MPN/mL) in the paper filtrated water after 1 hour, even with the 
smallest dosage of only 7 mg/L Cl2. Before the dosage, the wastewater quality 
showed E.coli counts between 2800 and 7670 MPN/100mL and for the coliform 
germs in the range of 15600 and 24400 MPN/100mL. The colony count at 36 °C of 
the wastewater was at 51000 MPN/mL. 
In the case of the dosage of 7 mg/L chlorine as NaCl2(CNO)3, the water was coliform 
- free after 1 hour and 3 hours, even if the start value of the wastewater was 19863 
MPN/100mL. However, after 24 hours 310 MPN/100mL for coliform germs were 
detected, caused by regeneration of them. Such a case shows, that the 
concentration of 7 mg/L chlorine was enough to weaken the bacteria, but it was not 
enough to kill them all. This is an important cognition and legitimates the high dosage 
of chlorine in the EDP in order to kill all bacteria with a great safety. 
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Carlson (1970) substantiated, that the lethal effect for E.coli extremely depends on 
the redox potential and the pH values, as shown in Figure 7.9. 
 
 
Figure 7.9 Redox-pH diagram with time plots of the lethal effect for E.coli 
 
It is to expect, that at redox potential values of +800 mV, as reached in the EDP 
treatment, all bacteria will be killed and viruses will be inactivated.  
In the same article Carlson (1970) reported, that the disinfection process is much 
slower in the range of 450 and 500 mV, if there are colloids or turbidity in the water. 
In the pre-filtrated water for the experiments, the turbidity varied from 3.2 to 4.9 NTU. 
The microbiological results of these investigations show that, such high chlorine 
dosages, together with such low values for the turbidity do not effect the elimination 
of the bacteria. However it should be noticed, that a shift of the equilibrium of calcium 
carbonate and carbon dioxide could increase the turbidity by precipitation of CaCO3. 
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8. Conclusions  
 
The conclusions in this chapter concern the application of high chlorine 
concentrations, as they for example are proposed in the Common Dosage Process 
(CDP) of the German Army for example Cl2-concentrations between 200 and 300 
mg/l and also the application of low chlorine concentration between one and 20 mg/l, 
Cl2 as they are proposed in the German Drinking Water Legislation. 
 
8.1 
 
Sodium hypochlorite is the most disadvantageous water treatment agent of the 
allowed Cl2-chemicals due to the German Drinking Water Ordinance (TrinkwV, 2001) 
for special cases. These are waterfree sodiumdichloroisocyanurate, Sodium-
dichloroisocyanurate-Dihydrate, calcium hypochlorite and sodium hypochlorite. This 
is less caused by the disinfection effect, than by the molar ratio of the cations Na+ 
and Ca2+ to the anion OCl-. For NaOCl the ratio of Na+ and OCl- is 1:1. For Ca(OCl)2 
the ratio of Ca2+ and OCl- is 1:2, as for NaCl2(NCO)3 (Na+ : OCl-  =  1:2), according to 
Equation 7.5. These ratios affect the pH-value and the electric conductivity. By 
dosing NaOCl into wastewater with a range of electric conductivity between 800 and 
1000 µS/cm, the mentioned limit value for the electric conductivity in drinking water of 
2500 µS/cm at 25 °C will be overran, when a Cl2 concentration of 243 mg/L due to 
the CDP is necessary. Depending on the buffer capacity of the raw water, also the 
limit value for the pH-value could be overrun. 
All advantages ⊕ and disadvantages ϴ of all examined disinfectants are listed in 
table 8.1. 
 
Table 8.1 Advantages ⊕ and disadvantages ϴ of different Cl2-based disinfectants 
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The condition defines the state and mode of the used disinfection chemical, eg. 
NaOCl is a powder and the others are tablets and granulates. The tablets can easier 
be handled than the powder.  
 
8.2 
 
A decrease of the waterrelated DOC concentrations is not to observe, even at the 
high chlorine concentrations of 243 mg/L of the CDP. Therefore the chlorination does 
not affect an oxidation. Otherwise the application of the sodiumdichloroisocyanurate 
increases the DOC of the water.  
 
8 .3 
 
For the DOC determination in wastewater, treated with NaOCl or Ca(OCl)2, the UV-
method can be used, to reach very exact results. For the DOC determination in 
wastewater, treated with NaCl2(CNO)3 only the thermic DOC method can be used, 
because the UV-method results in less findings. 
 
8.4 
 
The initial sudden chlorine attrition at t = o h in wastewater, which is treated with 
NaCl2 (CNO)3 can be determined with only two experiments by measuring the Cl2-
concentrations after t = 1 h (one hour) due to the following equation: 
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This equation depends on the ingredients of a municipal wastewater. Therefore this 
equation is to verify by many experiments. The verification of this equation would be 
a great advantage for the water chemistry, because it would be possible to calculate 
the chlorine demand (ordinate intercept) for the prompt chlorine attrition and the 
chlorine attrition for unknown chlorine dosages. 
 
8.5 
 
An intensive study of the Regulations of the International Air Transport Association 
(IATA) shows, that for the application of sodiumdichloroisocyanurate the compound 
NaCl2(CNO)3 ⋅ 2H2O and not the waterfree compound should be used. 
For this compound-also declared as Dichloroisocyanuric acid, sodium salt, dihydrate 
   CAS-No. [51580-86-0] 
   UN-No. 3077 
no IATA regulation for the transport in aircrafts concerning the declaration of 
dangerous goods and limitation of the carriage are given. 
 
For the waterfree compound Dichloroisocyanuric acid, sodium salt 
   CAS-No. [2893-78-9] 
   UN-No. 2465 
however severe restrictions are given.  
 
8.6 
 
During the chlorination of wastewater, undesired by-products like AOX- compounds 
or trihalomethanes are formed. The concentrations of these compounds reach an 
equilibrium value with increasing dosage of chlorine. The THM concentration can 
reach nearly 40% of the AOX concentration. Therefore it is important, that other 
treatment steps are following the chlorination, to remove these by-products. 
 
The highest THM- and AOX-concentration are formed by the application of the 
German chlorine tablets, because these tablets contain additives, which react in 
solution with chlorine to AOX and THM´s. The German Civil Water Authority was 
informed about this result. As a consequence the office decided to substitute the 
tablets with tablet additives against the positive tested sodiumdichloroisocyanurate-
Dihydrate granulate. 
 
8.7 
 
Compared with the other Cl2 compounds the electrolytic production and dosage of 
chlorine causes very high concentrations of AOX and THM´s, even when smaller Cl2 
doses were used.  
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The concentration of 243 mg/L chlorine, set by the CDP, is definitely enough to kill all 
bacteria in the water. For the wastewater of Karlsruhe 10 mg/L chlorine would be 
enough. So, the dilution of one tablet, containing 210 mg chlorine as NaCl2(CNO)3, in 
10 liters pre-filtrated water (maybe by a coffee filter) would be enough in the “worst 
case”, to get a drinkable water. 
 
8.8 
 
In every case it is advantageous for all emergency water treatments, especially if 
only wastewater is available as raw water, to filtrate the water as good as possible 
before the chlorination. Coffee-filters have been proved of value in the practice. 
Possible are also sand filters, which are glowed out over fire, or tissue filters.  
 
8.9 
 
High residual chlorine concentrations can be removed in filters packed with wooden 
charcoal. The dechloration capacity of such filters is smaller than that of activated 
carbon filters, but wooden charcoal is available as bbq-coal in nearly all countries of 
the world. 
 
8.10 
 
All experiments have shown, that with each water, which will be treated with 
disinfectants, at first exact and numerous water quality parameters should be 
measured, because a lot of parameters for example Fe2+, Mn2+ H2S or NH4⊕ 
consume chlorine. It was observed, that in practical water relief actions after 
disasters just this recommendation is disregarded. NGO´s often have “frontpeople” 
with less basisknowledge to elementar treatment steps and their influence on 
waterquality. 
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9. Summary 
 
Negative field experiences with the application of German chlorine tablets with 
additives, which are based on the waterfree disinfectant sodiumdichloroisocyanurate 
NaCl2(CNO)3 and which were used by the NGO “International Water Aid 
Organization” (IWAO) in a drinking water aid action after the Tsunami in Sri Lanka 
(2004) were the cause for this work. 
 
The negative experiences were: 
 
Production of high concentrations of Trihalomethanes (THM’s) and other water-
soluble organic halogenated compounds (AOX) in the disinfected water, because of 
the content of undesired tablet additives, and 
 
with exception of sodiumdichlorosiocyanurate-Dihydrate all in Germany permitted 
disinfectants count to the dangerous goods, due to the regulations of the 
International Air Transport Association  (IATA Regulation). 
 
Only the compound sodiumdichloroisocyanurate-Dihydrate NaCl2(CNO)3 x 2 H2O 
without tablet additives belongs to the disinfectants, which do not cause the above 
mentioned problems. 
 
Therefore in this work the 3 compounds  
 
NaOCl, Ca(OCl)2 and NaCl2(CNO)3 – based tablets were compared as in Germany 
permitted disinfectants by measuring their efficiency during the chlorination of the so 
called “worst case water”. This water quality was defined by the German Technical 
Drinking Water Authority (DVGW) as the effluent of the municipal waste water plant 
with at least 300.000 inhabitants. In this experiments the effluent of the wastewater 
treatment plant of the city of Karlsruhe was tested.  
All experiments were carried  out as simple batch experiments.  
Additional a special chlorine-producing anodic oxidation device (diamond electrode) 
was tested. Additionally the behaviour of the German chlorine tablets with tablet 
additives were tested with tapwater of the city of Karlsruhe. 
 
On the other hand it was also recognized in Sri Lanka after the Tsunami, that nearly 
all NGO’s dosed too much chlorine, so that many affected people, who drank 
unchlorinated well water before the disaster, did not accept the chlorinated  
“emergency water” after the disaster. Therefore it was also the aim of this work to 
develop a dechlorination agent, which is also available in developing countries and 
which is much more cheaper than activated carbon. 
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To generate worst case conditions, all experiments in this work were carried out with 
the paper-prefiltrated effluent water of the waste water treatment plant of the city of 
Karlsruhe. In every case this prefiltration step removes coarse particles, metazoae, 
nematodes and protozoan parasites and reduces the chlorine consumption. Bacteria 
like E.coli are not eliminated total. 
 
The results of this work lead to following conclusions and recommendations: 
 
1. The disinfectant sodium-dichloroisocyanurate-Dihydrate NaCl2(CNO)3•2H2O is the 
only compound, which can be transported in emergencies by airplanes without 
limitations in carriage, because it is the only chemical compound, which does not 
count to the dangerous goods due to the regulations of the International Air 
Transport Association (IATA-Regulations) 
 
2. The disinfectant sodiumdichloroisocyanurat-Dihydrate NaCl2 (CNO)3•2H2O  and 
the waterfree compound without additives do not produce disinfection by-products 
like trihalomethanes (THM´s) or further AOX-compounds in high concentration. 
 
3. A dosage of one mmol NaCl2 (CNO)3•2H2O into one litre of distilled water 
produces a theoretical chlorine concentration of 2 mmol chlorine per litre water = 
141,8 mg/l Cl2 due to the equations: 
 
NaCl2(CNO)3 + 2 H2O = 2HOCl + NaH2 (CNO) 
2 Cl2+ 2H2O = 2HOCl + 2 HCl 
 
In raw waters for the emergency water supply the chlorine concentrations measured 
were always lower than the theoretical calculated chlorine concentrations which was 
dosed, because dissolved inorganic and organic compounds consume chlorine. This 
Cl2-consumption is dependent on the nature of these compounds. One mg/L Fe2+ 
consumes 0,64 mg/L Cl2 and 1 mg/L Mn2+ consumes 1,27 mg/L Cl2. It could be 
demonstrated, that the main chlorine decay occurs in the first 30 minutes after the 
chlorine dosage and follows the equation, which was not known and published till yet: 
 
Log [Cl2free] oh = a • [∆Cl2free] after 1h + b   o h = t = o hours 
 
With this first order equation it is possible, to determine the initial chlorine attrition b 
with only two experiments by measuring the chlorine consumption after one hour  
[∆Cl2free] after 1h with only two different chlorine dosages [Cl2free] oh. 
 
4. All experiments, which were carried out with paper-prefiltrated “worst case water” 
of the wastewater treatment plant of the city of Karlsruhe have shown, that the 
dosage of 7 mg Cl2/l with NaCl2 • (CNO)3 – based compounds lead to a water 
quality, in which E-coli and coliform bacteria could not be detected but showed a 
residual chlorine concentration > 0,5 mg Cl2/l after 30 min disinfection time. 
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Therefore the maximum concentration recommended by the German 
“Umweltbundesamt” for emergency water treatment in Germany with 26 mg Cl2/L 
(= 46,8 mg NaCl2(CNO)3 • 2H2O/L) is too high. This office announced, that in the 
future lower concentrations of 2 – 3 mgCl2/l are accepted. 
 
5.  If a chlorine-treated water shows too high chlorine concentrations with an 
unacceptable chlorine taste and chlorine smell it is possible in emergency 
situations to reduce high chlorine concentrations with ordinary charcoal used for 
bbq instead of expensive activated carbon, which may be not available during 
emergencies in developing countries.  
 
6.  The application of sodiumdichloroisocyanurate-Dihydrate NaCl2 (CNO)3 • 2H2O as 
disinfectant leads to an enhanced concentration of DOC in water. For example 
0,1 mmol NaCl2 (CNO)3 • 2H2O/L = 25,6 mg NaCl2(CNO)3 • 2H2O/L = 14,18 mg 
Cl2/L water increases the DOC-value by 3,6 mg C/L. 
 
7.  Till yet it was not known, that DOC-concentrations in NaCl2 • (CNO)3 • 2H2O 
treated waters cannot be determined with the UV-DOC-Determination-Method. 
Only the thermic combustion-method is successful. 
 
8.  The anodic chlorine production by electrolyses of water with addition of a small 
amount of NaCl can be used as alternative disinfection method in countries where 
chlorine compounds are not available. But it must be considered that H2 at the 
cathode and also high contents of THM´s and AOX as by-products can be 
formed. 
 
9.   The general conclusion of this work is: All NGO’s, which use chlorine-based 
 disinfectants in emergencies should use the compound  
 
Sodiumdichloroisocyanurate-Dihydrate NaCl2 (CNO)3 • 2H2O  
without additives, 
 
because they have with this disinfectant no by-products no transportation 
problems and other advantages. 
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11. Appendix 
 
Data of the application of NaOCl 
 
Dosage of 0 mmol/L NaOCl  =  0 mg/L chlorine 
Time 
[h] 
pH-
value 
Electric 
conductivity 
[µS/cm] 
Cl2 free 
[mg/L] 
Cl2 total 
[mg/L] 
E.coli 
[MPN/100mL] 
Coliforme 
[MPN/100mL] 
Turbidity 
[NTU] 
0 7.69 780 - - 6200 24400 4.72 
1 7.67 792 - - 14800 37400 - 
3 7.7 797 - - 19000 41800 - 
21.5 7.73 801 - - 13960 32550 3.2 
 
Dosage of 0.1 mmol/L NaOCl  =  7 mg/L chlorine 
Time 
[h] 
pH-
value 
Electric 
conductivity 
[µS/cm] 
Cl2 free 
[mg/L] 
Cl2 total 
[mg/L] 
E.coli 
[MPN/100mL] 
Coliforme 
[MPN/100mL] 
Turbidity 
[NTU] 
0 7.69 780 7 7 6200 24400 4.72 
1 7.7 875 1.45 4.2 0 0 - 
3 7.73 864 0.85 2.55 0 0 - 
21.5 7.82 869 0.58 1.69 0 0 4.48 
 
Dosage of 1 mmol/L NaOCl  =  70 mg/L chlorine 
Time 
[h] 
pH-
value 
Electric 
conductivity 
[µS/cm] 
Cl2 free 
[mg/L] 
Cl2 total 
[mg/L] 
E.coli 
[MPN/100mL] 
Coliforme 
[MPN/100mL] 
Turbidity 
[NTU] 
0 7.69 780 70 70 6200 24400 4.72 
1 8.45 1517 28.5 36.5 0 0 - 
3 8.39 1525 31.75 33.75 0 0 - 
21.5 8.22 1554 22.43 26 0 0 3.9 
 
Dosage of 5 mmol/L NaOCl  =  350 mg/L chlorine 
Time 
[h] 
pH-
value 
Electric 
conductivity 
[µS/cm] 
Cl2 free 
[mg/L] 
Cl2 total 
[mg/L] 
E.coli 
[MPN/100mL] 
Coliforme 
[MPN/100mL] 
Turbidity 
[NTU] 
0 7.69 780 350 350 6200 24400 4.72 
1 9.62 4310 317.5 332.5 0 0 - 
3 9.6 4330 310 317.5 0 0 - 
21.5 9.54 4320 312.5 327.5 0 0 3.71 
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Data of the application of NaCl2(NCO)3 in tablets with additives 
 
Dosage of 0 mmol/L NaCl2(NCO)3  =  0 mg/L chlorine 
Ti
m
e
 
[h
] 
pH
-
v
al
u
e
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ec
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n
du
ct
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ity
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m
] 
Cl
2 
fre
e
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L]
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l 
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L]
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00
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Tu
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TU
] 
TH
M
 
[µg
/L
] 
D
O
C 
[m
g/
L]
 
0 7.67 924 - - 6488 19863 4.88 - 13.36 
1 7.72 929 - - 4611 12997 4.75 - 13.62 
3 7.84 929 - - 5172 15531 4.65 - 12.67 
24 7.83 927 - - 181 12997 2.82 0.1 15.24 
 
Dosage of 0.05 mmol/L NaCl2(NCO)3  =  7 mg/L chlorine 
Ti
m
e
 
[h
] 
pH
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[µg
/L
] 
D
O
C 
[m
g/
L]
 
0 7.67 924 7 7 6488 19863 4.88 - 13.36 
1 7.62 915 1.43 4.18 0 0 4.93 - 13.54 
3 7.66 917 1.29 3.68 0 0 5.17 - 13.88 
24 7.76 919 0.78 1.87 0 310 4.62 3 17.07 
 
Dosage of 0.5 mmol/L NaCl2(NCO)3  =  70 mg/L chlorine 
Ti
m
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pH
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[µg
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] 
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L]
 
0 7.67 924 70 70 6488 19863 4.88 - 13.36 
1 6.86 945 7.55 10.15 0 0 6.71 - 13.34 
3 6.96 949 5.45 8.2 0 0 6.97 - 12.11 
24 7.1 952 0.85 3.4 0 0 6.77 153.1 15.58 
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Dosage of 2.5 mmol/L NaCl2(NCO)3  =  350 mg/L chlorine 
Ti
m
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L]
 
0 7.67 924 350 350 6488 19863 4.88 - 13.36 
1 6.89 1091 257.5 262.5 0 0 7.44 - 17.86 
3 6.92 1096 250 257.5 0 0 6.99 - 17.82 
24 6.91 1114 240.75 260 0 0 6.16 222.5 18.98 
 
Dosage of 5 mmol/L NaCl2(NCO)3  =  700 mg/L chlorine 
Ti
m
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pH
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[µg
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L]
 
0 7.67 924 700 700 6488 19863 4.88 - 13.36 
1 6.94 1283 595 600 0 0 7.68 - 24.74 
3 6.92 1288 575 580 0 0 7.08 - 24.29 
24 6.78 1313 545 550 0 0 6.05 215.2 26.42 
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Data of the application of Ca(OCl)2 
 
Dosage of 0.25 mmol/L Ca(OCl)2  =  35 mg/L chlorine 
Ti
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0 7,57 1039 35 3750 22050 51000 254 38 11.46 14.01 1.04 
0.5 7.79 1067 11.9 0 0 0 494 - 11.44 10.50 0.45 
1 7.79 1067 9.9 0 0 0 499 191 11.57 10.66 0.49 
2 7.86 1063 9.0 0 0 0 480 235 11.71 10.78 0.49 
 
Dosage of 1 mmol/L Ca(OCl)2  =  140 mg/L chlorine 
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] 
0 7,57 1039 140 3750 22050 51000 254 38 11.46 14.01 1.04 
0.5 8.42 1204 121 0 0 0 193 - 11.65 13.51 0.12 
1 8.39 1204 118 0 0 0 801 533 12.49 13.39 0.13 
2 8.36 1203 112 0 0 0 790 586 11.82 13.28 0.12 
 
Dosage of 2 mmol/L Ca(OCl)2  =  280 mg/L chlorine 
Ti
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[1/
m
] 
0 7,57 1039 280 3750 22050 51000 254 38 11.46 14.01 1.04 
0.5 8.64 1362 241 0 0 0 792 - 11.40 19.75 0.11 
1 8.64 1363 231 0 0 0 799 570 11.75 20.50 0.11 
2 8.53 1362 226 0 0 0 787 579 11.34 19.95 0.10 
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Time 
[h] 
pH-value 
Electric 
conductivity 
[µS/cm] 
Cl2 free 
[mg/L] 
E.coli 
[MPN/100mL] 
Coliforme 
[MPN/100mL] 
Colony count at 
36°C [MPN/mL] 
Redox 
[mV] 
AOX  [µg/L] 
DOC 
[mg/L] 
SAK254  [1/m] 
SAK436  [1/m] 
0
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1
 
8
.53
 
1309
 
173
.25
 
0
 
0
 
0
 
794
 
540
 
11
.52
 
20
.16
 
0
.11
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Data of the electrolytic experiment 
 
Parameter 0 min 100 min unit 
 
el. Conductivity 1053 838 µS/cm  
pH-Value 8.24 8.04    
Turbidity 0.32 1.18 NTU  
Spectral Absorption Coefficient at 254nm 16.166 11.178 1/m  
Spectral Absorption Coefficient at 436nm 1.08 0.384 1/m  
Chlorine free <0.05 20.5 mg/L  
Chlorine total 0.059 23.3 mg/L  
H2O2 / Peroxides / O3 0.016 4.875 mg/L  
H2O2 / Peroxides (stripped) 0.017 6.475 mg/L  
O3 (g) - 3.18 mg  
E. Coli 2807.5 <1 MPN/100ml  
Coliforme Germs 15600 <1 MPN/100ml  
Enterococci 2120 <1 MPN/100ml  
Colony Count at 36°C 76970 <1.8 MPN/mL  
DOC 8.2 7.6 mg/L  
Ammonium 0.39 <0.05 mg/L  
Iron 0.04 0.03 mg/L  
Manganese <0.01 <0.01 mg/L  
Chloride 102 56.3 mg/L  
Nitrate 35.2 34.2 mg/L  
Nitrite 0.3 <0.04 mg/L  
Sulphate 104 98.2 mg/L  
EDTA <0.05 <0.05 µg/L  
NTA <0.05 <0.05 µg/L  
polycyclic aromatic hydrocarbons 0.03 0 µg/L  
Lightly Volatile Halogenated Hydrocarbons 0 140.7 µg/L  
AOX 42 773 µg/L  
Petroleum-derived Hydrocarbon 0.1 <0.1 mg/L  
Sodium 92 88 mg/L  
Potassium 20 20 mg/L  
Copper <0.01 0.02 mg/L  
Nickel <0.01 <0.01 mg/L  
Chrome <0.01 <0.01 mg/L  
Lead <0.01 <0.01 mg/L  
Zinc 0.02 0.03 mg/L  
Mercury <0.0002 <0.0002 mg/L  
Fluoride (dissolved) 0.1 0.11 mg/L  
Bromide <1 11 mg/L  
Total Oxidation Power with KJ (as Chlorine) - 82.5 mg/L  
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Effect of different disinfectants on treated wastewater, effluent of the city of Karlsruhe 
after a reaction time of one hour 
 
Co
m
po
u
n
d 
Do
sa
ge
 
[m
m
o
l/L
]/ 
Do
sa
ge
 
[m
g/
L 
Cl
2] 
pH
-
va
lu
e 
El
.
 
Co
n
d.
 
[µS
/c
m
] 
Cl
2 
 
fre
e 
[m
g/
L] 
/ 
Cl
2 
to
ta
l [m
g/
L] 
DO
C 
[m
g/
L] 
Re
do
x 
[m
V]
 
E.
co
li [
M
PN
/1
00
m
L] 
Co
lif
o
rm
s 
[M
PN
/1
00
m
L] 
AO
X 
[µg
/L
] 
TH
M
 
af
te
r 
24
 
hr
s 
[µg
/L
] 
Tu
rb
id
ity
 
[N
TU
] 
N
a
O
Cl
 
0 0 7.69 
7.67 
780 
792 
0 
0/0 
12.1 
11.8 
n.d. 6200 
14800 
24400 
37400 
n.d. n.d. 3.2 
3.2 
0.1 7 7.69 
7.70 
780 
875 
7 
1.5/4.2 
12.1 
- 
n.d. 6200 
0 
24400 
0 
n.d. n.d. 3.2 
4.5 
1 70 7.69 
8.45 
780 
1517 
70 
28.5/36.5 
12.1 
- 
n.d. 6200 
0 
24400 
0 
n.d. n.d. 3.2 
3.9 
5 350 7.69 
9.62 
780 
4310 
350 
317.5/332.5 
12.1 
- 
n.d. 6200 
0 
24400 
0 
n.d. n.d. 3.2 
3.7 
N
a
Cl
2(N
CO
) 3 
0 0 7.67 
7.72 
924 
929 
0 
0/0 
13.4 
13.4 
n.d. 6488 
6488 
19863 
- 
n.d.  
0.1 
4.9 
4.8 
0.05 7 7.67 
7.62 
924 
915 
7 
1.4/4.2 
13.4 
13.5 
n.d. 6488 
0 
19863 
0 
n.d.  
3 
4.9 
4.9 
0.5 70 7.67 
7.86 
924 
949 
70 
7.6/10.2 
13.4 
13.4 
n.d. 6488 
0 
19863 
0 
n.d.  
153 
4.8 
6.7 
2.5 350 7.67 
6.89 
924 
1091 
350 
258/263 
13.4 
17.9 
n.d. 6488 
0 
19863 
0 
n.d.  
223 
4.8 
7.4 
5 700 7.67 
6.94 
924 
1283 
700 
595/600 
13.4 
24.7 
n.d. 6488 
0 
19863 
0 
n.d.  
215 
4.8 
7.7 
Ca
(O
Cl
) 2 
0 0 7.57 
n.d. 
1039 
n.d. 
0 
0/0 
11.5 254 3750 
 
22050 
 
38 
38 
n.d. n.d. 
0.25 35 7.57 
7.72 
1039 
1067 
35 
9.9/n.d. 
11.5 
11.6 
254 
499 
3750 
0 
22050 
0 
38 
191 
n.d. n.d. 
1 140 7.57 
8.39 
1039 
1204 
140 
118/n.d. 
11.5 
12.5 
254 
801 
3750 
0 
22050 
0 
38 
533 
n.d. n.d. 
2 280 7.57 
8.64 
1039 
1363 
280 
231/n.d. 
11.5 
11.8 
254 
799 
3750 
0 
22050 
0 
38 
579 
n.d. n.d. 
1.74 243 8.04 
8.53 
1044 
1309 
243 
173/n.d. 
11.2 
11.5 
257 
794 
7670 
0 
29035 
0 
32 
540 
n.d. n.d. 
El
ec
tro
lyt
ic 
pr
o
du
ce
d 
Cl
2 
an
d 
o
th
er
 
o
xi
da
n
ts
 
af
te
r 
10
0m
in
 
82.5 
as Cl2 
for all 
oxidizi
ng 
agents 
8.24 
8.04 
1053 
838 
82.5 
20.5/23.3 
8.2 
7.6 
n.d. 2807 
0 
15600 
0 
42 
773 
0.1 
140 
0.3 
1.18 
n.d. not detected 
Unmarked: start values 
Bold: after one hour reactiontime (100min for electrolyses) 
 
